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PREFACE 


A COMPREHENSIVE account of Hiycorrhiza and the facts relating to 
fungal infection of a mutualistic kind is overdue, and an attempt 
to provide it requires no apology. The literature of the subject is 
extensive and scattered, the opinions of workers often conflicting, 
and the original papers not always readily accessible for reference. 
Moreover, the treatment in general textbooks of Botany, necessarily 
limited in scope, is often misleading and suffers almost invariably 
from lack of a definite point of view in respect to the relation of 
mycorrhiza with the phenomena of symbiotic association in general. 

The mycorrhizal habit first attracted attention as a characteristic 
of woodland soils. Modern experimental research has once more 
focussed attention on the significance of this fact, and emphasised 
the importance of mycorrhiza as a biologic soil factor affecting the 
vegetation of woodlands in common with that of other types of 
humus soil. The practical application -^f the newer knowledge to 
natural conditions has already attracted the attention of foresters 
thus opening up a new and fascinating field of research, promising 
alike to the botanist, the forester and the student of soil science. 

My thanks are due to many colleagues and friends for assistance 
during the preparation of the book, and to the editors, proprietors 
and publishers of various scientific journals for permission to repro- 
duce certain of the figures. 

In particular, I am indebted to Dr E. J. Butler, Professor Percy 
Groom, Professor Augustine Henry, Dr J. Magrou of the Pasteur 
Institute and Mme Noel Bernard for gifts or loans of some of the 
earlier papers on mycorrhiza and for other help with the literature, 
to Dr Somerville Hastings and Mr W. Paulson for the original photo- 
graph reproduced in Fig. 51, to Mr A. C. Forbes, Director of Forestry 
in the Irish Free State, for that in Fig. 52, to Mr J. Ramsbottom for 
that in Fig. 25, and to Mr E. Clement for that in Fig. 24. 

I have to thank Mr S. Garside for the original drawing reproduced in 
Fig. 63 and the material used for the photomicrograph in Fig. 58, and 
to Miss D. Freeman, B.Sc., and her pupil, Miss D. A. Clark, for noting 
the occurrence of mycorrhiza in Aspidium and sending me the pre- 
parations used for the photomicrographs reproducedin Figs. 59 and 60. 

I have to acknowledge the courtesy of the editors and proprietors 
of the Annales des Sciences naturelles for permitting me to reproduce 
Figs. 14 and 15 from the late Dr Noel Bernard's paper, UEvolution 
dans la Symbiose (1909), also Figs. 57 and 64 from those by 
Dr J. Magrou on Symbiosis (t, 3, 1921 and t. 7, 1925) ; likewise, that 
of the editors and proprietors of the Revue Generals de Botanique 




Living tilings are fonnd by a simple experiment to have 
powers undreamt of, and who knows what may be behind ? 

W. BATESON. 
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2 Mycorrhiza 

Among the earliest observations bearing on the subject are those 
of Meyen (1829), Nageli (1842) and Schleiden (1842). The two first- 
* named workers put on record the regular appearance of fungi within 
the cells of a number of plants but did not arrive at correct 
conclusions as to their significance or mode of origin within the cell. 

Meyen's attention was attracted to the root tubercles of Alder 
which he believed to be parasites of similar habit to members of 
the Balanophoraceae and Orobanchaceae, although lower in develop- 
ment and systematic position. N^eli recorded the presence of 
filamentous fungi in the roots of various species of Iris, and also in 
other genera, — “ In diesen parenchymatischen Zellen lebten 3 ver- 
schieden Arten von Pilzen.'’ He described intracellular flask-shaped 
bodies produced at the ends of the threads, and placed these root 
fungi in a new genus, Schinzia. 

The Orchids were among the first plants to attract attention in 
respect to the anomalous structure of their root cells. Link (1840) 
figured cells containing fungus mycelium from the young seedling of 
Gooiyera ^rocera, but was quite ignorant of the real nature of the 
granular ceU inclusions which he observed. 

The observations of Schleiden (1842) on the roots of NeoUia nidus 
avis are of particular interest as being the first bearing specifically 
on the subject of root infection by fungi. He described with aston- 
ishing accuracy the microscopic appearance of the various types of 
ceU in the cortical tissues of the roots of this Orchid, their slimy 
contents and the presence of thread-like structures in many of the 
cells. Describing the structure of the threads more fully he noted that 
they were hollow and branched freely, and also that they sometimes 
formed a tangled skein the branches from which ended blindly 
within the cells. Lacking accurate information as to development, 
Schleiden expressed no opinion as to the real nature of these threads, 
beyond suggesting a possible analogy with the cells showing spiral 
markings described by Gottsche (1843) in the tissues of a Liverwort, 
Preissia commutata. With admirable frankness he thus put on record 
his sense of the remarkable nature of the root tissues and his ignorance 
of their significance to the plant: — '"Ueber die Bedeutung dieser 
eigenthiimlichen Bildungen weiss ich gar nichts zu sagen.'" 

It was Reissek (1847) who first attempted to determine the origin 
and real nature of the thread-like structures present in the root cells 
of certain vascular plants; incidentally he attempted to correlate the 
observations of Meyen and Nageli just mentioned with the results 
of his own more extended researches. Noting their regular appearance 
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in the roots of many Monocotyledons and Dicotyledons, Reissek 
reached the correct conclusion that the thread-like structures were 
undoubtedly of fungal nature. He concluded, further, that the root 
fungi (Wurzelpilzen) reached their highest development in the 
underground roots of Orchids, and, although relatively common in 
the roots of other Monocotyledons and in Dicotyledons, were present 
only in a rudimentary condition in plants other than the Orchids : — 
'"Hier sind nur die Keime desselben vorhanden.'' 

It was mainly upon researches on Orchid roots that Reissek based 
his remarkable conclusions as to the origin of these intracellular 
fungus threads. He described their development from granules 
included among the ordinary cell constituents and in his view identical 
with the primordia of starch grains and chlorophyll grains. The 
granules were held to be fungus spores that developed into spindle 
and rod-like structures and finally to a skein of hollow threads as in 
the root cells of Neottia. Stages in this process were traced and 
figured in the root cells of Goodyera discolor. Presumably the spores 
originated from the granules de novo, since it is elsewhere explicitly 
stated by the author that the mycelium did not form spores within 
the cells but did so only when grown in the air. 

It is somewhat surprising to find that Reissek attempted to 
extract and cultivate the intracellular mycelium present in roots. 
In view of the technique adopted, not so surprising to learn that 
among the fungi isolated were a species of Fusiformium (from Orchis 
morio) and species of ''Botrytis, Penicillium and Cladosporium'* 
from other Orchids. Spores of various species of these fungus genera 
are widely distributed both in air and in the soil; species of Peni- 
cillium and Cladosporium in particular are among the commonest, 
constituents of the epiphytic mycelial flora of roots and appear 
regularly when attempts are made to isolate the true root endophjrtes 
by unsuitable methods. One or other member of the group has been 
recorded as a specific endophyte by many investigators subsequent 
to Reissek, but no satisfactory evidence has ever been provided that 
any species of the genera named is concerned in the formation of 
mycorrhiza. 

This contribution by Reissek is notable as the first full and at all 
accurate account of the association between root cells and fungus 
mycelium now known as mycorrhiza. 

Study of these older papers recalls the views current at the time 
respecting the origin of Fungi and Bacteria. By the early botanists 
they had been regarded not as living organisms but as lusus naturae. 
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Subsequent to their tardy recognition as true members of the 
vegetable kingdom, they were for long believed to be produced by 
spontaneous generation from inorganic material, or to arise from 
organic substance not in itself of fungoid or bacterial nature. This 
theory assumed that constituent particles of living cells belonging 
to the higher organisms could continue to live after the death of 
the body of which they had formed part, and could develop under 
favourable conditions into fungi and bacteria that were capable of 
producing geims and of giving rise to progeny specifically resembling 
the parents (Ehrenberg 1820). 

The micro2yme theory of Bdcamp, a logical statement of this 
point of view, assumed the existence of very minute bodies — “granu- 
lations moldculaires” or "microzymes” — ^in the substance of plants 
and animals, occurring everywhere, enjo3dng an almost unlimited 
duration of vitality, and giving rise under suitable conditions to 
bacteria, sprouting fungi, and similar forms. The thesis embodying 
these views in detail was first published in Paris in 1864, reproduced 
in the Transactions of the Medical Congress at London in 1881, and 
republished in an extended form m Paris as late as 1883. 

In England the attention of botanists was first attracted to 
the association of fungus mycelium with roots by a controversy 
respecting the alleged parasitic habit of the Yellow Bird’s Nest, 
Monoiropa hypopitys. In 1844 an English periodical— TAe Phyto- 
logist — ^published a number of contributions to a discussion on this 
matter, in the course of which attention became focussed upon the 
nature of the fibrous investment noticed upon the roots of Monotropa. 

Luxford (1844) held that this plant obtained at least a part of its 
nourishment from "a layer of vegetable matter, consisting chiefly 
of the slowly deca3dng leaves of the beech, which are generally 
covered with a white byssoid fungus.” Alone among the contributors 
to the discussion, Lees (1844) took the view that the plant was a 
true parasite. He figured a young plant of Monotropa growing from 
its radical parasitical knob,” and described in detail the hairy knobs 
upon the beech roots, "of all sizes from that of a pea, from which 
the litUe embryo Monotropa was sprouting, to that of a crab, 
nourishing a full company of several plants." Lees described also 
the hairy fibres by which the Monotropa plant attached itself to the 
root of Beech. These fibres he regarded as special organs functioning 
as suckers, and he noted that the ball or "nidus” at the base of the 
Monotropa plant is obscured with "a himuture that appears like a 
byssoid fungus.” (Fig. i.) 


CHAPTER I 

THE EARLY PERIOD 


Introductory — Historical — ^The Early Period: 1840-1880 — Schleiden — 
Reissek — The Monotvopa controversy — ^De Bary’s theory of symbiosis. 

S TRICTLY considered, knowledge of naycorrhiza dates from the year 
1885, when Frank first applied the name to roots of trees 
showing a regular and characteristic infection by fungal mycelium. 

Taking a broader view, the histoiy of the subject falls naturally 
into three periods, the order of which coincides roughly with pro- 
gressive changes in the points of view actuating research on the 
subject. Firstly, there is the period previous to 1880 during which 
a number of observations bearing on the subject were recorded, the 
full significance of the facts being either unappreciated at the time 
or becoming the subject of considerable controversy among botanists. 
Most of these early observations fall within the period 1840-1880. 

A second period began in 1881 with the work of Kamienski on 
Monotropa hypopitys, and the researches, experiments and specu- 
lations of Frank and his fellow workers, and extended over the last 
two decades of the nineteenth century. This was essentially one 
of observation and speculation, largely dominated by the work of 
Frank and his school, and it passed without a break into what may 
be called the Modem Period, marked especially by the application 
of modem experimental methods of research to the problems 
presented by mycorrhiza plants. 

The Early Period: 1840-1880. 

Records of observations made during the first decade of this 
period and in that preceding it are of interest historically. Some of 
the earliest noted the presence and described the stmcture of curious 
thread-like bodies within the root cells of plants. In certain cases, 
subsequent observers identified the threads as fungal filaments and 
noted their regular occurrence in the roots of vascular plants; in 
others the real nature of the hairy stmctures ” associated with roots 
remained doubtful and aroused considerable controversy among 
contemporary botanists. 
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Newman (1844) regarded the fibres as essentially part of the 
root itself and Wilson (1844) recorded his view that they represented 
the matted extremities of grasses with which the Monotropa roots 
were in contact. Alluding to his examination of the roots of plants 
collected near Southport (a locality where Monotropa is still found) 
and believed to be parasitic upon the roots of Salix argentea, he 
wrote as follows: — 

. . . the mass composing the root of the Southport Monotropa had a 
white covering of a matted and somewhat woolly substance, supposed 
to proceed from the radicles of the grasses which grew with it. . . . 
There was not even contact, much less parasitical connection, 
between this white coating and the roots of the Salix contained in 
the sod. 

In view of these very conflicting opinions, Rylands (1844) re- 
investigated Monotropa material from various localities and eventually 
reached correct conclusions regarding both the habit of the plant and 
the true nature of the fibrous investment of the roots. ''The plant,'" 
he states, "is not parasitic; it has no organic connection with the 
'nidi" of roots among which its own are developed." From a careful 
examination of the fibres he concluded also that the "byssoid 
substance is really fungoid, and performs no essential function in 
the economy of the Monotropa.” 

In order to test the correctness of his observations on Monotropa, 
he examined the roots of a number of other plants and reported as 
follows : — " the really fungoid matter found on the roots of groundsel, 
Epilobium, Plant ago, etc., had so much resemblance to the substance 
in question, that it would be difficult by words to render the difference 
appreciable."" 

Rylands published careful drawings of the root of Monotropa 
with its fungus sheath and figured details of the hyphae. One of 
these drawings (Fig. 2) is of rather special interest in relation to 
modern work and will be mentioned again. With the help of 
Berkeley — the founder of British mycology — ^he referred three out of 
the four fungi distinguished upon the roots to known genera: the 
other was placed provisionally in a new genus, Epiphagos. 

Ryland's observations seem to have temporarily exhausted 
interest in the subject in England but the controversy respecting the 
parasitic habit of Monotropa was renewed subsequently by various 
continental botanists. Thus, in a work on comparative anatomy by 
Chatin (1856) Monotropa was described as a parasite in the younger 
stages of growth; later it became detached from its host and grew 
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saprophytically. The accurate observations of Solms Laubach (1868) 
demonstrated that no organic continuity could be detected between 
the roots of Monotropa and those of the tree beneath which it grew, 
however close the contact might be, and, therefore, that the former 
plant was not a parasite. Crude (1873) again described and figured 
a parasitic connection between the roots of Monotropa and those of 
Abies excelsa^ an error of observation accounted for later by Kamienshi. 
In the same paper Crude mentioned the mycelium associated with 
the roots of Monotropa, and compared it with the appearances 
described long previously by Schleiden in Neottia. 

With the exception of these controversial records concerning 
Monotropa, the possible value of observations bearing upon th(t 
association of fungi with the roots of vascular plants seems to have? 
escaped the attention of botanists for a number of years. Isolated 
observations by various continental botanists continued to place on 
record the presence of fungal hyphae in and upon roots, although 
the time was not yet ripe for an appreciation of the full significance 
of the observed phenomena. For example, from the year 1840 
onwards, Theodor Hartig (1840-1851) had noted and put on record 
the webs' of hyphae surrounding the tips of the fine absorbing roots 
in Conifers, and had observed also the network of mycelium between 
the cells of the outer cortex of the roots. He was mistaken, however, 
in his interpretation of the real nature of these structures, which h(* 
regarded as purely parasitic. Fabre (1855-1856) also had observed 
filamentous threads and skeins in the root-cells of various Orchids 
without realising their true nature, which indeed was first clearly 
recognised by Schacht in 1854. 

Describing the roots of Neottia, Prillieux (1856 a) says: 

Les cellules de la racine de Neottia nidus avis portent des nuclei 
d'une grosseur extraordinaire, et sur lesquels j'ai plusieurs fois 
distingu^ deux nucleoles;. . , Les cellules contiennent de la mati^n* 
brun§,tre renferment egalement des filaments enroul^s sans ordre* 
autour de la masse solide qui occupe le milieux de la cellule. Ces 
filaments sont creux; ce sont de veritables tubes dont on distingue 
avex certitude les parois. 

From the year i860 onwards there was a great quickening of 
interest in aspects of biology relating to nutrition, more especially 
in those concerned with differences in the nutrition of plants as 
compared with animals. Before that date, the nutritive processes of 
plants and animals were believed to differ essentially, — ^the plant 
building up complex bodies from simple substances, the animal 
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Fig. I. Illustrations of the mode of growth of Monoiropa hypopitys. (i) Base 
of a mature plant, 14 inches high, and three young unexpanded plants, 
growing from their radical parasitical knob. (2) Smaller plant in seed. 
(3), (4) and (5) Young plants growing from radical knobs. (Figures and 
description from Lees, The Phytologist, 1844.) 



Fig. 2. [a) A section of the root of Monoiropa, showing the internal con- 
tinuation of the vascular tissue of the spongiole or fibril. ( 6 ) A portion 
of the same highly magnified, to show the connection of the flocci. (c) 
Epiphagos lupifordii, highly magnified, {d) and (5) The same, showing its 
adnate and fasiculate habit. (Figure and description from Rylands, The 
Phytologist, 1844.) 
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breaking these down again. The researches of Schultz (1861-1863) 
established the fundamental similarity of plant and animal proto- 
plasm, thus leading to a search for the real causes for the differences 
believed to exist in the two groups in respect to nutrition. Following 
quickly upon this came a realisation of the specific property of green 
plants in relation to the manufacture from raw materials of substances 
suitable to be used as food materials by animals, with which was 
associated a newly awakened interest in exceptional modes of life 
and nutrition, e.g. in the behaviour of insectiverous plants, and in 
the presence of fungi and bacteria in the animal body. 

Owing to their lack of chlorophyll and inability to utilise carbon 
dioxide, the Fungi stood out as possessing a mode of hfe funda- 
mentally different from that of green plants. Observations by 
Pasteur in i860 and 1862, by Nageli in 1879 and 1883, and by 
Reinke in 1883 all showed that the former could use a great variety 
of carbon compounds as food materials. In 1874 so noted a botanist 
as Hooker, speaking of the Fungi, observed: — ''these plants seem to 
invert the order of Nature and to draw their nutriment, in part at 
least, from the animal kingdom, which it is held to be the function 
of the vegetable kingdom to sustain'' (J. Hooker, 1874). 

The increased interest in problems of nutrition and the rapid 
advance of knowledge in this branch of biology were responsible also 
for the attention attracted to symbiotic phenomena generally from 
i860 onwards. The true nature of the Lichen thallus, foreshadowed 
by de Bary in 1866, had been confirmed by Schwendener (1867, 1870) 
and established by the experimental researches of Stahl (1877), 
Reess (1879) and others. In 1879 word symbiosis was coined by 
de Bary to cover aU cases involving the living together of dissimilar 
organisms however loose the association. In his own words: — 
".*.eine Betrachtung der Erscheinungen des Zusammenlebens 
ungleichnamiger Organismen, der Symbiose, wie man kurz und 
allgemein sagen kann. ..." Thus defined, the term includes all cases 
of parasitism, and was clearly so intended and used by de Bary 
himself:— "Die bekannteste und exquisiteste Erscheinung der 
Symbiose ist der voUstandige Parasitismus " (de Bary, 1879). The 
above extracts are taken from an address delivered by de Bary to 
a meeting of a German natural history society at Cassel in 1879. 
It was published as a separate not always easily accessible for 
reference, and preceded by a few years only the general recognition 
of mycorrhiza as a typical example of the phenomena included by 
de Bary under the term symbiosis. 
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THE SECOND PERIOD 

The Second Period: 1880-1900 — Kamienski — Frank: recognition of 
mycorrhiza as a morphological entity — Classification into ectotrophic 
and endotrophic forms — Theory of beneficial symbiosis — The relation of 
Truffles and other fungi to mycorrhiza — Hartig’s theory of parasitism. 

The Second Period : 1880-igoo circa. 

The gradual recognition of root infection as a regular and extremely 
widespread phenomenon among vascular plants began during the 
first years of this period. Simultaneously, interest was awakened in 
its physiological significance and experimental research on the 
subject was undertaken in more than one of the continental schools 
of botany. 

Many different circumstances contributed to this result. There 
was already in existence a considerable body of sporadic observations 
recording the presence of mycelium in and upon roots. Of these a 
large proportion had been made upon species which showed marked 
peculiarities of structure and habit, and to which the attention of 
botanists had long been directed in respect to their anomalous mode 
of nutrition. For example, the non-chlorophyllous orchids Neottia 
nidus avis, Corallorrhiza and Epipogum had already been worked at 
by Schleiden (1842), Schacht (1852, 1854a), Irmisch (1853), Prillieux 
(1856), Drude (1873), and Reinke (1873). The controversy among 
English botanists concerning Monotropa has been mentioned (p. 4) 
and will be more fully discussed below. 

Contemporary observers could hardly fail to relate the invariable 
presence of mycelium in these remarkable plants with the anomalous 
mode of nutrition involved by their lack of chlorophyll, especially 
at a time when the attention of botanists was focussed upon problems 
of plant nutrition. The development of abnormal roots by certain 
trees and the presence of mycelium believed to be that of a parasitic 
fungus upon such roots had also attracted the attention of more 
than one observer. 

In another field of work the discovery of the dual character of 
the Lichen thallus and the attention directed to symbiotic pheno- 
mena by de Bary had stimulated interest in relationships between 
green and non-green plants. The root tubercles of Leguminosae and 
those of Alnus, Eleagnus and other trees challenged attention, as 
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did also the causes of gall-formation in general. Furthermore, the 
work of Pasteur and his school had prepared the way for a study 
of pathogenic conditions in vascular plants and their causation by 
parasitic fungi. The cytological changes in plant cells subjected to 
invasion had also come under observation and were available for 
comparison with those in mycorrhiza tissues, while the improvement 
in technique and optical apparatus was reflected in the increased 
accuracy of microscope observations and also in their greater 
cytological significance. Evidently the time was ripe for a more 
general recognition of the prevalence of fungal infection in roots, 
the possible significance of this phenomenon in plant nutrition, and 
its relation to parasitic infection of the ordinary kind. 

Doubtless many of these circumstances were operative in leading 
Kamienski to re-investigate Monotropa hypopitys, a species which, 
in spite of the attention lavished upon it by botanists, was still the 
subject of many conflicting statements in botanical literature. The 
extent and scope of this earlier work on Monotropa may be judged 
from the account already given and from the following brief review. 

The anatomy had been investigated by Unger (1840), who 
recorded the absence of true vessels from the wood, an observation 
not confirmed either by Solms Laubach (1867-8) or by Drude (1873). 
A paper describing the presence of “einen eigenthiimlichen Stoff in 
Monotropa hypopitys was contributed by Reinsch (1852). The 
minute seeds early attracted attention ; their structure was described 
by Muller (1848), who, however, mistook the combined endosperm 
and embryo of the seed tissues for the embryo alone. Solms Laubach 
(1874) and Koch (1882) recognised the distinction between embryo 
and endosperm, the structural details supplied by the latter being 
amply confirmed by Kamienski in his memoir published in the same 
year. The supposed parasitic habit of the plant had long been a 
subject of controversy. Some of the views current have been 
mentioned; those of other observers may be summarised as follows : — 
In 1840 Unger had placed Monotropa in his seventh order of 
parasites, a view confirmed by Brandt (1869), who included this 
species in the same class as the Orobanches. Chatin (1863) had 
described and figured the seed, and had published an account of 
seedling development. According to this observer the plant was a 
parasite in the young stages, penetrating the root of the host by 
means of its thread-like base : at a later stage of growth, the basal 
part of the seedling perished, the organic connection between 
parasite and host disappeared and the mature Monotropa plant was 
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nourished entirely from the soil. Drude had reached a somewhat 
different conclusion. Having observed young seedlings of Monotropa 
hypopitys growing among Pine needles, he concluded that the plant 
was a saprophyte in the early stages, becoming parasitic in the 
mature condition. He described and figured Monotropa glabra as a 
parasite, the roots of which penetrated those of Beech and Pine 
and drew nourishment therefrom. As in the earlier controversy on 
the same subject among English botanists the last word lay with 
those who held a contrary view respecting the habit of the plant. 
Thus, in discussing Monotropa uniflora, W. Hooker threw doubt 
upon its parasitism, pointing out that plants could be raised sown 
upon humus, independently of any host^. 

Following upon a special study of the vegetative organs Schacht 
(1854 &) was even more explicit, stating that Monotropa formed no 
organic connections whatever with a host and was not parasitic at 
any stage of its life ; he concluded that, like NeoUia, it can nourish 
itself on the decaying products of certain plants and for that reason 
is always found in their near neighbourhood. Solms Laubach (1862) 
could find no haustoria or other evidence for regarding the plant as 
a parasite, a view in which Duchartre (1846) concurred. From this 
brief survey, it is evident that the structure and habit of Monotropa 
still offered a promising field for investigation, especially in respect 
to the fungus investment of the roots. Advantage of this fact was 
taken by Kamienski, whose classical researches on the subject, 
although they ante-dated the bestowal of the name ''mycorrhiza'' 
upon a corresponding structure in the roots of Cupuliferae by Frank 
in 1885, must be regarded as the first milestone on the route leading 
to the present knowledge of the subject. 

Kamienski published a preliminary paper in 1881, in which, after 
criticising some of the views expressed by earlier workers, he gave a 
detailed anatomical description of the vegetative organs of the 
plant and described the mycelial sheath present on all the roots. 
The conflicting nature of the earlier views were thus described: — 
. . ,les r^sultats donnas par les auteurs de ces diff6rents travaux 
sont si peu concordants, qu'il est absolument impossible d'en 
conclure quelque chose de positif au sujet de la structure, du de- 

veloppement ou de la maniere de vivre de cette plante His own 

observations confirmed the view that haustoria were not present, 

^ Plants of Monotropa uniflora were reported to have been raised at the 
Glasgow Botanic Garden on soil brought from Montreal, but it was not stated 
specifically that seeds were observed to germinate (see W. J. Hooker, 1825). 
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and led him to conclude that in respect to nutrition the plant was 
a non-chlorophyllous saprophyte living upon humus in the soil. 
The structures described and figured by Drude as haustorial con- 
nections in Monotropa glahra he interpreted as fungus-deformed roots 
of Conifers growing among those of the former plant and closely 
resembling them in respect to the presence of a fungal sheath. In his 
account of the mycelial investment of the root of Monotropa hy- 
popitys he noted that it was present in all roots, forming in each a 
continuous sheath which thinned out over the extreme tip: — 
“Toutes les parties les plus actives de la racine sont recouvertes 
d*une couche epaisse et dense d'un mycelien qui ne permet pas aux 
racines d'avoir un contact direct avec le sol.'' With reference to 
the absorption of food material, Kamienski recognised that all 
soluble nutrients taken in by the roots from the soil must pass 
through this fungal zone, and he raised the question of its beneficial 
or other effect upon the plant. A satisfactory answer to this question, 
he admitted, could be supplied only by the extension of his researches 
to include the raising of plants free from fungal infection by means 
of seed cultures. 

This preliminary paper was followed by a fuller account including 
a critical survey of earlier work and a full and accurate description 
of the morphology and anatomy of the vegetative organs illustrated 
by excellent drawings (Kamienski 1882). As regards the habit, 
Kamienski confirmed his earlier view that no evidence whatever 
existed that the plant was a parasite. This memoir may therefore 
be regarded as closing the long controversy upon this matter, 
although it left unexplained the exact nature of the saprophytic 
mode of nutrition assumed to exist, and contributed no certain 
information upon the part — ^if any — ^played by the root fungus in 
the nutrition of the vascular plant. 

Experimental work in seed germination undertaken by Kamienski 
gave no results. Seeds sown on many different substrata, e.g. humus, 
peaty soil, and manure, all failed to germinate, and the conclusions 
expressed in this paper depend, therefore, upon facts of observation 
only. Historically, they are of interest, inasmuch as the relation 
between root fungus and vascular plant was, for the first time, 
clearly defined as differing essentially from that existing in cases of 
ordinary parasitism, and there can be no doubt that the rights of 
priority in this matter belong to Kamienski rather than to Frank. 

In relation to the subject of root infection generally, the paper 
has somewhat special interest because the author noted and carefully 
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described the fine, fungus-infected roots of the trees under which 
Monotropa commonly grows, especially those of Beech, of which he 
supplied a figure. He commented upon the arrest of growth and 
increased branching exhibited by these roots, and also upon the 
absence from each of a typical root-cap and the invariable presence 
of a continuous sheath of interwoven hyphae, branches from which 
penetrated between the cells of the epidermis and formed a network 
separating the cortical cells one from another. In Conifers generally, 
and especially in Pine, the multiplication of lateral branches was 
very conspicuous and was noted as exactly resembling the typical 
dichotomy found in Lycopodiaceae. 

More especially was Kamienski impressed by the similarity of 
habit, texture, and structure in the roots of Beech and those of 
Monotropa with which they were often closely associated. He believed, 
doubtless correctly, that to this fact was due Drude's error of 
observation respecting the existence of haustoria in the latter. 

Similar roots showing abnormal structure had already been noted 
and described for several different trees by Janczewski in 1874 and 
by Bruchmann in Pinus sylvestris in the same year. It was generally 
held that the condition of such roots was due to parasitic invasion, 
and Reess (1880) beheved the fungus present in Pinus to be Elapho- 
myces granulatus, the False Truffle or Hirschtruffle, the fruits of 
which he had found in quantity on roots of this tree. Boudier (1876) 
had already published a paper suggesting the probabihty of a para- 
sitic habit in certain species of the genus Elaphomyces. Kamienski 
accepted this view, and although positive evidence for the identity 
of the root fungi of Monotropa with the genus Elaphomyces was 
lacking, believed that the same or a similar fungus was parasitic 
upon the distorted roots of Pine and Beech found interlaced among 
those of Monotropa. In a paper published in 1886, he stated his 
conviction that, in the mycorrhizas of trees, the roots were subject 
to attack by parasitic fungi without deriving any benefit from the 
latter; the mycorrhiza of Monotropa, on the contrary, he held to be 
a symbiotic association in which nutriment was conveyed to its 
vascular host by a non-parasitic fungus. 

Lacking experimental evidence as to the behaviour of the vascular 
plant in the absence of its root fungus, Kamienski's views concerning 
nutrition belong to the region of speculation rather than to that of 
scientific fact. Inasmuch as the results of experimental research on 
this subject are not yet available, they are stiU of theoretical interest 
and may be criticised in the light of recent experiments on analogous 
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cases. The hypothesis advanced to explain the nutritive relations in 
‘Monoiropa was as follows. The plant grows in soh rich in humus 
and absorbs the whole of its food supply from the soil by means of 
the roots. Owing to the presence of a thick and continuous sheath 
of mycelium, the absorbing surface of the roots has no direct 
contact with the soil, and all soluble food materials entering the 
plant from that source must pass through the mycelial envelope. 
,No evidence of parasitism on the part of the fungus was found and 
it was held that the hyphae grew upon the surface of the roots 
merely as on a convenient base offering a larger surface than the 
surrounding soil particles. In return for this hospitality the fungus 
was believed to provide nourishment for its host — 'Toumit au 
Monoiropa de la nourriture.’’' Physiologically, the mycelial mantle 
was assumed to function as the epidermis of the root, and the 
hyphae extending outwards from it as root hairs. It was further 
concluded that the demands made upon the fungus by the vascular 
plant could not be excessive since the former continued to use the 
roots rather than the soil as a substratum favourable to growth. 
With regard to the nature of the nutritive materials, it was held 
that both fungus and vascular plant could utihse the organic com- 
pounds present in humus, but Kamienski also put forward a view — 
believed by him to be strongly supported by the observational 
facts, — ^namely, that the mycelium on the roots of Monoiropa was 
continuous with that growing parasitically in the roots of the 
neighbouring trees. This hypothesis rested upon the assumption 
that the mycelium upon the roots of Monoiropa was identical and 
continuous with that in and upon the roots of Pine and Beech. Its 
acceptance or otherwise did not affect his general view as to the 
reciprocal relation existing between the two symbionts in the , case 
of the former plant. 'Xette relation etrange entre le champignon 
et le Monoiropa n'est pas un fait unique et isole dans la nature. 
Nous pouvons le ranger avec d'autres faits semblables auxquels 
M. de Bary a donne la denomination de 'symbiose/ '' 

The fundamental weakness of the view put forward by Kamienski 
— as was undoubtedly reahsed by himself — ^was the complete lack 
of experimental evidence showing the dependence or otherwise of 
the Monoiropa plant upon its fungal partner. Could the vascular 
plant absorb the necessary organic matter from the soil humus 
without the intervention of its root fungus? There is a lack of 
precision in the statements bearing on this that has remained charac- 
teristic of the subject as presented in botanical text books ever since. 
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On the one hand, it is definitely stated that the roots have no direct 
contact with the soil, on the other hand, it is implied that the mode of 
nutrition of each of the partners is similar in respect to the utilisation 
and absorption of organic compounds in the soil. To accept the 
view that a fungus can utilise the humus constituents of soil and 
at the same time grow parasitically upon roots of various trees 
presents less difficulty to the modern botanist than it did to 
Kamienski. It is more difficult to make the assumptions demanded 
by his hypothesis that mycelium of one and the same species can 
simultaneously grow saprophytically in the soil, parasitically upon 
roots of Beech and symhioticallyxy^on roots of Monotropa. Kamienski 
obviously inclined to the view that the vascular plant profited from 
the association, although he evaded the consequences involved by 
this hypothesis, i.e. that Monotropa is directly parasitic on the 
fungus and thus indirectly parasitic upon the roots of the 
surrounding trees. 

In all modern botanical textbooks, Monotropa is classed as a 
saprophyte. Whether this is true in the strict meaning of the word, 
or in exactly in what sense it is to be understood, remains as uncertain 
now as when Kamienski published his paper in 1882. Nor can any 
positive statement yet be made regarding the possible identity of 
the root fungus or fungi of Monotropa with those present in what 
was afterwards called the ectotrophic mycorrhiza of Pine and Beech. 

On the other hand, the identity of the fungi concerned in the 
formation of mycorrhiza in Pinus is no longer a matter of surmise 
(see Chap. VIII) , although that of the forms present in Beech has not 
yet been established with certainty. 

Kamienski's memoir on Monotropa has been considered in some 
detail because his work has been somewhat unfairly overshadowed 
in the later literature by that of Frank. There can be no doubt that 
the former first recognised and stated the existence of a reciprocal 
relation between flowering plant and fungus in Monotropa, This 
claim was emphatically put forward at the time by Woronin (1885 a), 
who, after the publication of Frank's first paper, concluded a 
somewhat fiery criticism as follows: — ''AUe Prioritatsrechte in der 
Frage fiber die auf Wurzelsymbiose beruhende Ernahrung gewisser 
Baume durchunterirdische Pilz mussen demnach nicht Herrn B. 
Frank, sondern Herrn Fr. Kamienski zugeschrieben werden." 

As a matter of fact, priority in this matter as a whole belongs 
neither to Kamienski nor to Frank, but to Pfeffer (1877), who 
ascribed to the Orchid fungi a physiological r 61 e analogous to that 
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of root hairs. His views on the physiology of the relationship in 
Orchids were clearly stated as follows: 

Hier (bei Neottia) kann man in der That nicht umhin anzuneh- 
men, dass eine Association vorliegt, aus welcher auch die bewirthende 
Orchideen Nutzen zieht, indem sie von dem parasitisch und sapro- 
phytisch lebenden Pilze Nahrstoffe empftogt, welche die Pilzfaden 

aus den Boden aufnahmen Ich bin zwar iiberzeugt dass die 

Orchideen auch ohne solche Pilze bestehen konnen, indess ist damit 
nicht ausgeschlossen, dass die Pilzfaden, da wo sie vorhanden sind, 
ihrem Wirthe Nutzen bringen. 

Although the justice of Frank's claim to priority is open to 
question, the importance of his work on the subject needs no em- 
phasis. Indeed, the scanty space assigned to mycorrhiza in botanical 
text books is occupied chiefly with the results of his observations 
and with speculations upon their significance. His first paper in 
April 1885 was quickly followed by a number of others in which he 
extended and co-ordinated his earlier observations. Not only did 
he carry out extensive observations himself but his example stimu- 
lated many other workers to research in the same field, as is testified 
by the large literature contributed subsequently by his colleagues 
and students. 

The investigations carried out by Frank were undertaken in the 
first instance at the request of the German State Forestry Department 
in connection with the proposed cultivation of truffles in Prussia. 
They had as a starting point the observed association of truffles 
with certain trees, especially with Beech, Hornbeam, and Oak, in 
conjunction with the researches of Reess (1880), who had described 
what he regarded as a parasitic infection of the roots of Finns 
sylvestris, the mycelium responsible for which he believed to be that 
of Elaphomyces granulatus, fructifications of which were abundant 
among the same roots. Suspicion was thus aroused as to a possible 
parasitic relation of the mycelium of truffles with the living roots of 
trees, and Frank's original investigation was designed to test this 
possibility. As an immediate result of the work he reported the 
invariable occurrence of fungus infection in the roots of certain trees, 
especially members of Cupuliferae, such infection being, in his 
opinion, not parasitic but of definite service to the trees in relation 
to the absorption of water and mineral salts from the soil. 

Frank regarded this regular association of root tissues and 
mycelium as a morphologically distinct organ for which he proposed 
the name Pilzwurzel or Mycorrhiza, He recorded the characteristic 



The Second Period 


17 


coralloid growth shown by the mycorrhizas of Cupuliferae and 
described their structure in detail. He found that mycorrhiza 
occurred whether truffles were present or not but did not on this 
account reject the view that Elaphomyces or some other member of 
Tuberaceae was the fungus species concerned, since it was not unusual 
for mycelium to remain sterile overlong periods of growth and special 
conditions might be necessary for the production of fructifications. 

He assumed that infection took place from the soil, and carried 
out experiments with water cultures in order to test the behaviour 
of young trees when grown without their root fungus. By this means, 
three year old seedlings of Oak were obtained showing a well- 
developed root system without fungus infection. If seedlings 
possessing mycorrhiza were transferred from soil to culture solutions, 
they showed a gradual reduction of infection in the newly formed 
roots. From such experiments Frank concluded that the root fungi 
could best perform their beneficent service to the trees when growing 
in soil, although no satisfactory evidence was produced that the 
growth of the trees concerned was deleteriously affected when they 
were absent from the rooting medium. 

Frank emphasised the close analogy between the thalLus of a 
Lichen and mycorrhiza, each with its green and non-green constituent, 
and concluded that a true symbiosis existed in roots of Cupuliferae. 
With regard to the distribution of mycorrhiza he found it to be 
invariable in Oak, Beech, and Hornbeam, occurring quite inde- 
pendently of soil or situation. He recorded it also in certain species 
of Willow, and among Conifi^rs in Pine, Fir, and Silver Fir. On the 
other hand, he gave in the paper under review a long list of native 
shrubs and trees which did not form mycorrhiza, including among 
them Birch {Betula alba) and Lime {Tilia ewopaea), both of which 
were afterwards recognised as typical mycorrhiza trees. He also 
commented on the absence of mycorrhiza from the ground flora 
of Beech woods, e.g, from roots oi ^M-er^rialis p&rennis, Anemone 
nemorosa, and other species in which typical mycorrhiza of a rather 
different kind from that in Beech has since been described. 

On grounds such as these the earlier papers of Frank are open 
to criticism, as are also, in the light of modern experimental research, 
his provisional conclusions drawn from experiments. In the history 
of mycorrhiza the paper published in 1885 possesses a special interest 
as the first generalised account of a phenomenon now known to be 
even more widespread than was believed by Frank, and also as 
that registering the origin of the term mycorrhiza. The energy 
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displayed by Frank in collecting and correlating evidence of the wide 
distribution of root infection and the surprising character of the 
facts he brought to light, provide ample excuse for the inclusion of 
minor inaccuracies. At this stage of the enquiry it was perhaps in- 
evitable that the author's zeal should tempt him to make the facts fit 
his hypothesis rather than the hypothesis fit the facts (Frank, 1885 a) . 

The outstanding results of Frank's preliminary investigations 
were, firstly, the recognition of root infection as a widespread 
phenomenon in trees, and the bestowal upon it of a distinctive name 
marking its existence as a morphological entity; and, secondly, the 
rejection of the accepted view of parasitic invasion of these roots, 
whether by Truf 0 .es or other soil fungi, and the substitution of his 
theory of a symbiotic relationship beneficial to the trees. The far- 
reaching character of this hypothesis was a direct incentive towards 
the collection and interpretation of new facts bearing on the subject. 

Later in the same year Frank (1885 h) published another con- 
tribution to the subject, provoked doubtless by Woronin's claim of 
priority for Kamienski. While tacitly admitting the latter's claim 
to priority of observation of root infection, Frank quite justly pointed 
out that the root fungi were believed to be parasitic on trees and 
assumed priority for his own interpretation of the association as a 
phenomenon of mutualistic symbiosis. His conclusions as to the 
physiological relationship existing in Cupulif erae were concisely stated 
in this paper and may be briefly summarised as follows. 

Mycorrhiza is a symbiotic relation to which probably all trees 
under certain conditions are subject. It is formed only on soils 
containing humus or abundant plant remains, and its formation 
waxes and wanes with the abundance or otherwise of these con- 
stituents in soil. The root fungi carry to the trees not only the 
necessary water and salts but also soluble organic material derived 
from the humus, thus lending a new significance to leaf-fall and the 
accumulation of humus in woodland soils, and reviving incidentally 
an old theory concerning the nutrition of green plants in a sense 
somewhat different from that in which it was stated originally. 
The assistance thus rendered to the trees possesses special importance 
when rapid growth makes heavy demands upon available food 
constituents in the soil, and is likewise of great significance to non- 
chlorophyllous species. , 

During the two years following, Frank extended his observations 
in many directions and learned that the regular association of fungi 
with the roots of vascular plants may show structural characters 
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very different from those found in Cupuliferae, Conifers, and Mono- 
tropa, regarded hitherto by him as the normal type. Recognition of 
this led to the publication of another paper in which his well-known 
classification of mycorrhiza to ectotrophic and endotrophic forms was 
proposed. Wenn wir alle diejenigen Formen bei denen der ernah- 
rende Pilze sich auswendig befindet als ectotropUsche und diejenigen, 
wo er das Innere gewisser Wurzelzellen einnimmt als endotrophische 
bezeichen, so erhalten wir folgende Uebersichf (Frank, 18876). 

The descriptive terms endotrophic and ectotrophic have been in 
general botanical use since that time. The distinction between 
typical and extreme cases of the two kinds is sufficiently obvious. 
Owing partly to defective observations and partly no doubt to the 
great weight attaching to Frank's views on the subject, the essential 
characters of the distinction between the two types was over- 
emphasised by some of his contemporaries and successors. The use 
of the terms in a somewhat rigid sense in botanical textbooks has 
doubtless delayed the recognition of forms intermediate in structure 
between the two extreme types. Recent work on the cytology of 
ectotrophic forms confirms the view that mycorrhiza showing the 
structural characters of both types is not uncommon and that the 
presence of intracellular mycelium in the cortical cells of ectotrophic 
mycorrhiza is relatively frequent — ^in short, that the difference is 
one of degree rather than of kind. 

The review which accompanied the analysis and classification of 
types in this paper of Frank's is of interest as a summary of the 
observations available at that time and merits brief notice. 

Ectotrophic Mycorrhiza. 

The distinguishing features of the ectotrophic type described by 
Frank in Cupuliferae, Conifers and other trees were: — (i) the 
invariable presence of mycorrhiza throughout the life of individual 
trees from the first year of growth onwards, and its distribution 
upon the actively absorbing regions of the root system; (2) the 
coralloid growth exhibited by infected roots or root systems; (3) the 
absence of root hairs and reduction of the root caps to a few cells 
only; (4) the presence of a complete investment or mantle of fungal 
hyphae covering the whole of the younger parts of the roots including 
the apices; (5) the existence within the root tissues of a continuous 
network of hyphae separating the individual cells of the epidermal 
and cortical layers, the fine hyphae composing the network being 
continuous with those in the external mantle and not infrequently 
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penetrating the epidermal cells; (6) the absence of intracellular 
mycelium from the cells of the cortical region. 

Frank recognised the variation that existed in the structure of 
the mantle in regard to thickness, coloration of hyphae, and nature 
of the surface, e.g. whether smooth or covered with projecting hyphae 
extending into the surrounding soil. He considered that such 
differences were largely specific to individual types of mycorrhiza 
and did not depend upon age or degree of development. Cases were 
described differing remarkably from what was regarded as the 
normal type. For example, an anomalous long-branched — i.e. not 
coralloid — ^mycorrhiza on Beech from Hanover with a very thick 
mantle and ''pseudo root hairs'' was described and figured. The 
outgrowing strands of hyphae from the surface of this mycorrhiza 
resembled root hairs both in appearance and in their relation with 
the soil particles and were believed to function in a manner quite 
analogous to these organs (Fig. 3). Another peculiar form was 
recorded upon roots of Pinus Pinaster from Capetown. This my- 
corrhiza, described as resembling a "fox's brush," consisted of a 
main axis, thickly beset with hair-like threads of approximately the 
same length. Microscopic examination showed the latter to be short, 
fine lateral roots, each of which was a typical ecto trophic mycorrhiza 
(Fig. 4^^, &, c). This anomalous structure was not found in European 
material of Pinus pinaster, 

EndoiropMc Mycorrhiza, 

Under this heading, Frank described the two types of mycorrhiza 
characteristic of Orchidaceae and Ericaceae respectively. In view 
of the fact that considerable space will be devoted to a consideration 
of these groups in later sections of the present work a very brief 
summary of the facts noted by Frank will suffice. 

The condition of the roots in Orchids had already attracted 
the attention of a series of observers from the time of Schleiden 
onwards; of these, a contemporary, Wahrlich (1886), had published 
a paper dealing especially with the root fungi of a number of Orchid 
species. The general characters of Orchid mycorrhiza were therefore 
fairly well known; among the features specially noted by Frank 
were: — (i) the non-parasitic character of the fungus invasion of the 
roots and its importance in relation to the nutrition of the Orchid 
plants; (2) the disposition of the infected tissues in such a position 
that substances absorbed from the soil must pass through them 
on entering the plant, and (3) the invariable presence and high 
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degree of development of mycorrhiza in the non-chlorophyllous 
Orchids. 

In respect to Ericaceae, external infection of the roots of 
Andromeda polifoUa had been noted by Frank in 1885, and Thomas 
(1885) had recorded root infection in Bilberry and inaccurately 
described it as of similar type to that found in Monotropa and 
members of the Cupuliferae. Subsequently, Frank examined the 
roots of a number of other members of the family and contributed 
the first general account of mycorrhiza in the group in the paper 
under review. 

Among the species mentioned by him are Andromeda polifolia, 
Ledum palustre^ Calluna vulgaris j Rhododendron ponticuMj Azalea in- 
dica, and a number of species of the genus Vaccinium, e.g. Vaccinium 
oxy coccus, Vaccinium myrtillus, Vaccinium vitis idaea and Vaccinium 
macrocarpim, all of which showed regular and characteristic infection 
of similar type. The general appearance of mycorrhiza in the fine 
roots of Ericaceae was admirably described by Frank. Attention was 
directed to the fact that in Ericaceae, as in Cupuliferae, the forma- 
tion of mycorrhiza was independent of soil conditions other than the 
presence of abundant humus] e.g. the presence of a thin surface layer 
rich in humus was noted on sandy heaths carrying ericaceous vege- 
tation. Among outlying members of the group, Pyrola was recorded 
as free from root infection and Monotropa noted as differing in the 
possession of mycorrhiza of the ectotrophic type. 

Although not a member of Ericaceae, Empetrum nigrum was also 
included in this account of mycorrhiza in heath and moorland 
plants as a species possessing root structure and mycorrhiza 
resembling that found in the Heath family, with various members 
of which it is frequently associated in the field. With the exception 
of Empetrum and Ericaceae, mycorrhiza was not recognised by 
Frank in other members of moor and heath vegetation in North 
Germany; for example he recorded it as absent from the roots of 
Aspidium thelypteris, Carex vulgaris, Drosera rotundifolia, Viola 
palustris, Menyanthes trifoUata, Comarum palustre, Tormentilla 
erecta, and Trifolmm repens.. 

Observations on mycorrhiza in Germany were confirmed by 
examination of material sent from other countries and by the 
accounts of independent observers. Thus, records from S. Africa for 
Cupuhferae, Conifers, and Heaths, from Australia for Fagus Cun- 
ninghami, and from New Holland for Epacridaceae, gave evidence 
of its wide distribution, and confirmed the view expressed by Frank 
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as to the invariable occurrence of mycorrhiza in certain species 
however wide their geographical, range. Moller confirmed Frank's 
observations on Beech for Danish material and Ascherson recorded 
the presence of mycorrhiza in roots of Alpine species of Willow [Salix 
retusa and Salix retimlata) up to 3000 metres. 

The later publications of Frank (1888-1894) are concerned 
especially with the elaboration of his theory of nutrition in mycorrhiza 
plants, and the accumulation of experimental evidence in support 
of it. In their more general aspects these views have become an 
integral part of the literature of the subject. The observations and 
experiments on which they were founded are not so well known to 
modern botanists; in view of the fact that almost 40 years have 
elapsed since their publication and that they serve as a convenient 
starting poind for a survey of recent work on the subject in a later 
section of the present review, the following brief recapitulation may 
serve a useful ipurpose. 

Frank believed that the existence of the appropriate root fungi 
in soil — and hence the formation of mycorrhiza by trees — ^was 
conditioned by the presence in woodland soils of humus derived from 
fallen leaves and other organic residues of the trees growing in such 
soils. This belief he tested experimentally by comparative obser- 
vations on Beech seedlings raised upon soils with and without humus, 
or transferred from their natural habitat in woodland soils to pots 
of sand. In general, the results of such experiments were interpreted 
as favouring the view that the root fungi were present in woodland 
soils and depended upon the humus present for their nutrition. 

That humus from other sources was not necessarily effective for 
the purpose was deduced from experimental cultures; thus, in humus 
soils other than those of woodland origin, Beech seedlings were 
observed to grow unsatisfactorily, and failed to develop mycorrhiza. 
Similar conclusions followed from transplanting young Beeches from 
natural woodland soils to others lacking humus. The transplanta- 
tions were successful, the seedhngs established themselves afresh, 
but the new roots present at the end of two years were almost 
entirely deprived of mycorrhiza. 

It was concluded by Frank that the root fungi of trees tended 
to disappear when humus of the appropriate kind was absent, i.e. 
that their proper nutrition depended upon an adequate supply of 
this soil constituent. In his own words: — ''die Mykorhizapilzen 
nicht in den lebenden Pflanzenwurzel ihre Lebensbedingungen 
finden, sondern vielmehr in gewissen Beschaffenheiten des Bodens 
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und dass es vor alien Dingen der Baumhumus ist, von welchem die 
Anwesenheit dieser Pilze und der von ihnen gebildeten Mykorhizen 
abhMgt/" 

His further conclusions as to the relation of the root fungi of 
trees to the nutrition of their hosts were based mainly upon the 
structure of ectotrophic mycorrhizas, the correctness of the deduc- 
tions being tested experimentally by sand and water cultures of 
Oak and Beech. The general character of these conclusions is familiar 
to all botanists and may be summarised briefly as follows. 

The fungus mantle with its outwardly extending hyphae acts as 
the absorbing system of the tree, through which water and mineral 
salts must pass on their way to the vascular strands. The hyphae 
of the inner part of the mantle and those forming the internal net- 
work are continuous with those outside and are so placed that 
osmotic exchanges can take place with the epidermal and cortical 
cells with which they are in contact. 

The existence of a similar type of mycorrhiza in Monotropa, a 
non-chlorophyllous species, in conjunction with the results of 
experiments designed to test the effect upon nutrition of withholding 
a supply of humus from Beech seedlings, led Frank to include the 
formation and intake of suitable compounds of carbon and nitrogen 
from humus among the services rendered by the root fungi to their 
hosts. Experiments were carried out to obtain evidence in support 
of this view. Thus, it was found that Beech seedlings germinated 
in sand or water cultures and, supplied with the necessary inorganic 
salts, did not form mycorrhiza, grew badly and died after one 
year's growth. Similarly, when parallel cultures of Beech were 
grown, using woodland soil untreated and the same soil sterilised 
at 100° C., aU the seedlings planted in the former developed typical 
mycorrhiza and grew vigorously, while those raised in sterilised soil 
formed no mycorrhiza, died off one by one, and had all succumbed 
at the end of three years. 

The experimental evidence was believed to prove that both the 
Beech and its specific root fungi required a supply of humus for 
their proper nutrition and could make but scanty growth if this was 
lacking. Deprived of mycorrhiza, Beech seedlings suffered inhibition 
of growth and eventually died because they were unable to utilise 
the food supplies locked up in humus. In other words, the trees 
depended upon their fungus symbionts for the re-conversion of their 
cast off residues into active plant substance. In a subsequent paper, 
similar experimental results were recorded for Pine (P. sylvestris), 
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using comparative seed cultures in untreated soil from a Pine 
forest and similar soil steam-sterilised for one hour at 100° C. The 
seedlings in the untreated soil behaved as in seed-beds under natural 
conditions; those in the sterilised soil made poor growth, showed 
reduced size and discoloration of the needles and at the end of two 
years were in a moribund condition. The former developed typical 
my corrhiza ; the condition of the latter in respect to this is described as 
follows : — die mikroskopische Prufung der Wurzeln ergab aber keine 
Spur von Verpilzung, die Wurzeln kurze Wurzelhaare gebilden.” 

Since it had been shown previously that plants other than those 
with mycorrhiza grew well in sterilised soil, it was concluded that 
the roots of Conifers, like those of members of Cupuliferae, no longer 
function like the roots of ordinary plants but depend for their proper 
nutrition upon the presence of their appropriate root fungi. 

Inasmuch as this was the case in trees and in Monotropa, these 
plants must be regarded djs parasites upon saprophytic fungi. Thus : — 
'' Insofern also der Baum seine Nahrung unmittelbar aus der Hand des 
Pilzes und erst durch dessen Vermittelung aus dem Erdboden emp- 
fangt musste man vielmehr die Waldbaume und die in den Wurzeln 
sich dessen gleich verhaltende Monotropa hypopitys als Parasiten auf 
saprophyten Pilzen betrachten.'' No ordinary parasitism this, but 
''eine mutualistisches Verh^tniss, eine wirldiche Symbiose” ! 

These views were not endorsed by Henschel (1887) for the 
mycorrhiza of Conifers. On the contrary, the observations made by 
this worker led him to the view — “ dass der Einfiuss diesen Symbioten 
auf der Entwicklung der jungen Fichtenpfianze als ein absolut 
schadlichen angesehen werden miisse.'' 

The belief that woodland humus in particular was an important 
source of nitrogenous food material was greatly strengthened by 
independent observations on the nitrate content of trees and other 
mycorrhiza plants on various soils. Frank and Molisch had previously 
shown that a direct relation existed between deficiency of nitrates 
in soils and a similar deficiency in the tissues of plants growing upon 
them, from which it was reasonably inferred that vascular plants 
were unable to convert either free nitrogen or compounds of nitrogen 
into nitrates. Moreover, Frank (1887 a) had recorded the absence of 
nitrates from the aerial parts of various trees and their absence, or 
very scanty appearance, in the absorbing roots, while the tissues of 
Neottia were found to give no reaction for nitrates although such is 
usually well-marked in herbaceous plants. 

An additional link in the chain of evidence was provided by 
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Frank therefore included all the known cases of endotrophic 
mycorrhiza as typical examples of mutualistic symbiosis; although 
he deplored the circumstance that experimental proof of the sym- 
biotic relation, in the form of evidence as to the behaviour of infected 
and uninfected plants in comparative cultures, was still lacking both 
for Orchids and Heaths. 

The evidence of intracellular digestion found in Orchids was 
compared with that exhibited by insectivorous plants, and the 
strength of Frank's convictions as to the beneficient rdle of endo- 
trophic mycorrhiza is evidenced by the close analogy that he 
postulated between the two classes of plants. "'Denn der Pilz ist 
hier gleichsam in den Wurzelzellen gegangen, wo er als sichere Beute 
zuletzt von der Pflanze aufgezehrt wird" (Frank, 1892 &). 

Although he fully realised and admitted the importance of 
comparative cultures with and without fungus infection, the experi- 
mental evidence offered by him on this fundamental aspect of the 
subject is unsatisfactory in the case of ectotrophic mycorrhiza, and 
lacking altogether for the endotrophic forms, with which no experi- 
mental work was attempted. In a later chapter of the present review 
it will be of interest to compare the opinions of Frank, based largely 
on theoretical considerations, with the results of recent researches, 
for which pure cultures of certain trees and of their root fungi have 
been available. 

Cogent as are many of the arguments based upon the structure 
and cytology of mycorrhiza and ably as the evidence is marshalled 
in these papers, it is difficult to avoid the imputation of special 
pleading to the part of Frank's work relating to experimental 
observations. Some, at least, of his results are open to interpretations 
other than those offered, and the experimental evidence is in itself 
too shght to carry the imposing edifice raised upon it. 

His interpretation of the facts was not always acceptable to 
contemporary botanists; in particular, his views invited criticism 
from students of the effects of parasitic invasion by fungi, at that 
time a new branch of botanical science. In his first paper Frank 
had referred to the work of Gibelli (1883) on a disease of the Chestnut 
in Italy, criticising the opinions of the latter with regard to the 
relation of parasitic fungi believed to be responsible for the patho- 
genic conditions with the hyphae of the mycelial envelope likewise 
present on healthy roots. On behalf of Gibelli, Frank's criticisms on 
this matter were questioned by Penzig (1885) in a subsequent paper. 

Hartig (1888 a) had described a disease of young Oaks attributed 
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Ebermayer (1888), who, in a contemporary paper entitled ^'Warum 
enthalten die Waldbaume kein Nitrate?'' recorded the almost 
complete absence of nitrates from more than one hundred samples 
of woodland and moorland soils. 

All these facts led independently to the conclusion that plants 
growing upon soils deficient in nitrates must obtain their supplies 
of nitrogen either as ammonium salts or as organic compounds of 
this element. They pointed also to the possible significance of the 
root fungi in this connection and, assuihing likewise the importance 
of carbon compounds other than carbon dioxide for non-chloro- 
phyllous species such as Neottici and Monotropa, justified the con- 
clusions expressed by Frank in the following passage: — "bei den 
chlorophyUhaltigen Pflanzen die Mykorrhizapilze hauptsachlich die 
Erschliessung des Humusstickstoffes bewirken/^ His own experi- 
ments led him to believe that certain plants, e.g. Oat and Lupin, 
which were believed free from fungus infection, could directly 
utilise the organic compounds present in soil. It was pointed out 
also that potassium and other essential elements were locked up 
in the organic residues of humus and might be rendered accessible 
to vascular plants by the metabolic activities of their root fungi. 

The theory of nutrition outlined above was extended by Frank 
to cover cases of endotrophic mycorrhiza, the number of which had 
been greatly extended by the researches of his pupil Schlicht (1889) 
and by those of Wahrlich (1886) on the Orchids. The failure of 
many of these plants to produce root hairs was noted, as was also the 
position of the infected cells in a zone of tissue between the absorbing 
and conducting regions of the root. Owing to the scanty develop- 
ment of mycelium outside the roots, it was impossible to relate the 
root fungi directly to absorption as in ectotrophic mycorrhizas; 
moreover it was uncertain to what extent the intracellular mycelium 
drew upon the root cells for nutritive materials. On the other hand, 
Frank had recently studied the mycorrhiza cells in certain Orchids — 
in particular in Orchis latifolia — and had been greatly impressed by 
the extensive digestion of mycelium in these cells and the subsequent 
removal of the products of digestion as deduced from staining 
reactions. Here, indeed, was a new and quite unique kind of 
symbiotic relation between vascular plant and fungus 1 He extended 
these researches on Orchids to the fine roots of Ledum palustre 
and Empetmm nigrum, which showed similar staining reactions 
with aniline blue and were described as quite analogous to the 
Orchids in this respect. 
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to parasitic attack by a fungus, Rosellinia (Rhizoctonia) quercina, but 
the condition of the roots showed no agreement with that of the 
mycorrhiza of Oak described by Frank. 

Publication of the latter's theory of symbiotic nutrition in 1885 
quicldy provoked a criticism from Hartig (1886) and Grosglick (1886), 
who put forward the view that mycorrhiza in general is a pathological 
condition brought about by the attack of parasitic fungi. In reply, 
Frank emphasised the relative longevity of mycorrhizas as compared 
with roots subjected to ordinary parasitism, the active growth of 
the former subsequent to infection, and his experimental demon- 
stration that in humus-free soil the fungi desert the roots instead 
of parasitising them. The arrest of growth in length and increased 
branching, noted by Hartig as sjnnptoms of disease, were regarded 
by Frank as adaptations securing concentration of the absorbing 
system in those regions of the soil where humus was most abundant. 
'In support of this view, he cited the well-known fact that a rich 
substratum promoted abundant branching of roots with relatively 
limited growth in length, whereas one relatively poor in nutrients 
: led to scanty branching with greater elongation. 

■ Hartig (1888 b) specially emphasised his own observations that 
young roots of trees were free from fungus infection during the period 
of maximum absorption from June to September. As they became 
infected from older roots this functional activity diminished and 
might cease altogether until a fresh supply of young roots developed 
in the following spring. Kamienski (1886) also disagreed with 
Frank's theory of beneficial symbiosis in the case of trees, pointing 
out that infected roots were less common than reported and that 
the tissues were often pathological in appearance. He re-stated his 
own view that the relation in trees was one of parasitism on the 
part of the fungus, while in Monotropa it was one of mutual sym- 
biosis resulting in a supply of nutrient to the host plant. He claimed 
that the chief merit of Frank's work consisted in drawing the 
attention of botanists to a phenomenon which invited research and 
was worthy of greater attention. 

The challenge issued by Woronin (1885 a) in respect to the priority 
of Kamienski's observations* has already been noted. In the same 
paper this author states that the regular root infection described by 
Frank had been independently observed by himself in roots of 
various members of Cupuliferae, Salicaceae and Coniferae, while 
working on certain edible species of Boletus. Woronin did not 
challenge Frank's interpretation of the facts, beyond stating 
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his own conviction that the relation was one of parasitism on the 
part of the root fungi. He pointed out also that in Finland, where 
many of his own observations had been made, the mycelium present 
in roots was not likely to be that of Truffle fungi since the latter 
were not found in that country. 

Papers dealing with the same subject, i.e. the parasitism of 
Truffle fungi and their relation to mycorrhiza, were also published 
by Muller (1886) and by Mattirolo (1887) ; the latter reached the 
provisional conclusion that a parasitic mycelial investment of the 
roots of certain trees — ''rizomorfa parassite delle radici” — ^in all 
respects similar to those described by Frank under the name of 
mycorrhiza, could, under conditions not yet fully ascertained, give 
rise to the reproductive bodies of Tuber excavatum. 

The identity of the root fungi was still a subject of controversy. 
Tulasne (1851) had noted that Elaphomyces formed a coating upon 
roots of Pine regarded by him as of parasitic nature. Later (1862), 
he modified this view and expressed the opinion that the two 
constituents derived mutual benefit from the association. 

Reference has been made to the work of Reess (1880) who had 
suggested that the mycelium in mycorrhiza was that of Elaphomyces 
granulatus, a fungus believed to be related to the Truffles. Plis 
further researches (Reess 1885, 1887) had demonstrated the striking 
similarity of the mycelium in roots of Monotropa, Conifers and mem- 
bers of Cupuliferae, but provided no positive proof of its identity 
with that of Elaphomyces; moreover, they introduced the difficulty 
of knowing whether one or a number of fungal species were concerned 
in the formation of mycorrhiza. In Pine, for example, upon the roots 
of which spore bodies of this genus had been found, there was evidence 
of the presence ot another type of mycelium resembling that 
characteristic of Basidiomycetes. It is clear from his later papers 
that Reess had an open mind on this aspect of the subject, and, 
without rejecting the opinions expressed by Kamienski and Frank 
with respect to nutrition, believed that further evidence was required. 
Thus, as arguments against the symbiotic view he cited, (i) the 
absence of mycelium from the roots of many woody plants, (2) the 
occasional abundance of root hairs in mycorrhiza plants, e.g. in 
Pine, and finally, (3) the numerical relation between infected and 
uninfected roots in Pine. While respecting Frank's views on the 
subject it was clear that he did not agree with them. 

Referring to the paper by Woronin on this sub j ect, Lecomte (1887) , . 
recording his own observations in the Vosges, stated that conidia 
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and perithecia observed by him on roots of Hazel were produced 
by the mycorrhizal fungus specific to the tree; the reproductive 
structures observed were believed to indicate affinity with members 
of Perisporiaceae. In the same paper reference was made to similar 
observations by an Italian mycologist, Cornu, in conjunction with 
Gibelli {loc. cit.), who also held that the mycelium in roots of 
Cupuliferae, Conifers, etc., belonged to species of Elaphomyces or 
Hymenogaster. That other aspects of the subject also attracted atten- 
tion is evidenced by the observations of P. E. Muller (1903) on the 
nature of humus and the distribution of fungi growing in it. 

Noack (1889) investigated the relationship between the mycelium 
of various Hymenomycetes and Gasteromycetes and the mycorrhiza 
of certain trees. For example, he observed that coralloid roots of 
Pinus sylvestris were almost invariably present in the humus below 
the sporophores of Geaster fimhriatus. By similar observations on 
fruit bodies Noack was led to include the following fungi as my- 
corrhiza formers : Geaster fimhriatus and Geaster fornicatus on Pinus 
syhestris and Ahies excelsa; Agarious {Tricholoma) russula on Beech, 
forming the rose-pink mycorrhiza described by Frank; Agarious 
terreus on Pine and Beech, Lactarius piper atus on Beech and Oak; 
Cortinarius sp. on Fir, Beech and Oak. He noted also that a rose- 
coloured mycorrhiza on roots of Pinus syhestris was clearly associated 
with fruit bodies of Elaphomyces granulatus. Unfortunately, Noack's 
conclusions were based almost entirely upon microscopic examination 
of roots and the propinquity of fruit bodies; attempts to reproduce 
mycorrhiza from spores of Geaster sp. in fungus-free seedlings of 
Fir, — ''die gewiss fur die ganze Frage von grosster Wichtigkeit 
sind,"' — gave only one case of doubtful infection. 

Mollberg (1884) and Wahrlich (1886) had made further con- 
tributions to the already extensive literature dealing with the 
mycorrhiza of Orchids. The latter writer does not refer to Frank's 
work and throughout alludes to the root fungi of the Orchids as 
parasites (Wurzelparasite). His researches sought to determine the 
real nature of the yellowish slime masses in the root cells, to learn 
whether a single fungus species was responsible for infection 
throughout the group, and to observe the mode of fructification of 
the endophytes with a view to their proper classification. 

Examination of a number of European Orchids and of some 
500 exotic species showed that the roots of all were more or less 
heavily infected by mycelium of the same general type. Micro- 
chemical investigation of the intracellular slime masses described 
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by previous observers confirmed the view that they consisted of 
tightly wound hyphae embedded in an oily or resinous material 
believed by Wahrlich to be produced by the mycelium. He was not 
so successful in his efforts to cultivate and identify the endophytes. 
The technique adopted was crude, and mycelium from a number of 
Orchid species when cultivated outside the plants gave rise to spores 
of the Fusiformium type described earlier by Reissek and by 
Schacht. The fungi isolated from several species of Vanda produced 
perithecia, thus leading Wahrhch to place them in the genus Nectria. 
In his view, the general similarity of structure in the mycehum 
associated with roots pointed to the inclusion of aU the root fungi in 
one generic group, minor differences in the structure of the mycelium 
and spores suggesting that this comprised more than one species. 

Attempts to cause re-infection of young aerial roots by means 
of spores and thus estabhsh the identity of the forms isolated were 
unsuccessful, in spite of which Wahrlich committed himself to the 
following conclusions : 

Fruchtificationsorgane des Wurzelparasiten der Orchideen sind 
Fusiformiums-poxen, Megalosporen und die bei V. suavis und V. 
tricolor beobachteten Perithecien mit Ascosporen. , . .Nach seinen 
Fructificationsorganen ist der Pilz als ein Pyrenoniycet zuhez^ic]mm.. 

■ . ..Auf Grand cheser Merkmale sind die in Vanda ^mz^la para- 
sitirenden Pilze als N ectriadLit^n zu bezeichnen. . . . 

This paper by Wahrlich is frequently quoted, although it con- 
tributed httle new to the contemporary knowledge of Orchid my- 
corrhiza. The major part is devoted to an account of the attempts 
made by the author to isolate the root fungi from various Orchids 
and to cultivate them outside the plant; the conclusions reached were 
entirely uncritical and were unsupported by any experimental proof 
of the identity of the fungi isolated with the true endophytes. 

Schlicht (1889), working in Frank's laboratory, published an 
account of his researches on endotrophic mycorrhiza in herbaceous 
plants. He described in detail that found in Paris quadrifolia, 
Ranunculus acris, Holcus lanatus and Leontodon autumnalis^ noting 
its restriction to the actively absorbing roots and the position of the 
infected tissue between the absorbing and conducting regions. He 
observed, moreover, that mycorrhizas not uncommonly persisted as 
main roots, and that the presence of intracellular mycelium offered 
no impediment to growth, thus controverting the conclusions of 
Hartig with respect to parasitism. 

The possession of this “neuen Mykorhizen" was recorded by 
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Schlicht for some 112 herbaceous species distributed over about 45 
families of Angiosperms, and it was concluded “dass die Symbiose 
zwischen Wurzeln und Pilzen eine ungeahnte Verbreitung iiber 
unsere Flora hat/' Observations such as that recording complete 
absence of root mycelium from certain groups, e.g. Gentianaceae, 
certainly required revision, as did also the list compiled by Schlicht 
of mycorrhiza-free species belonging to 22 families. Reviewing the 
published work of Kamienski, Reess and Frank on the subject, 
Schlicht pointed out that the relation involved parasitism on the 
part of either vascular plant or fungus, or a condition of mutualistic 
symbiosis. In view of his association with Frank, it is perhaps not 
surprising to find that his own view favoured the last alternative: — 

dass die von Frank aufgestellten Thesen fiber das Wesen und die 
Bedeutung der Mykorhizen der Baume durch die nunmehr erkannte 
Verbreitung der endotrophischen Mykorhiza eine noch viel weitere 
Ausdehnung erlangt haben, denn aus meinen Beobachtungen 
ergiebt sich das fiberraschende Resultat, dass auch die chloro- 
phyUffihrenden Krauter im AUgemeinen nicht ohne einen Wurzelpilz 
auftreten, und dass auch sie anscheinend nicht ohne diesen bestehen 
konnen, wenn ihnen nicht die aus dem Boden aufzunehmende 
Nahrung in einer anderen ihnen zusagenden Form geboten wird. 


CHAPTER III 

HUMUS PLANTS 


HumuG plants — Saprophytes and hemisaprophytes ; Hoveler; Johow; 
Groom; Janse; Hesselmaii; MacDougal — The cytology of intracellular 
digestion: Magnus; Shibata. 

1890-1900^. 

The recognition of root infection as a regular and widespread 
phenomenon, and the attention attracted to the physiology of the 
relationsliip by the new theory of beneficial S5nnbiosis, stimulated 
investigation in the subject during the closing years of the nineteenth 
century, more especially in relation to the study of the endotrophic 
type of mycorrhiza. 

Some of the researches, e.g. those of Schlicht, mentioned above, 
were carried out in Frank's laboratory, and indeed many of those 
published during the earlier part of the period were obviously 
influenced by his point of view and directed to extend and confirm 
his conclnsions. During the closing years of the nineteenth and the 
first five years of the twentieth century the cytology of the infected 
root cells specially attracted attention, and knowledge of various 
aspects of this part of the subject was extended by the researches of 
a number of English and continental botanists. Many of the obser- 
vations published about this time were made upon Orchids which 
afforded exceptionally favourable material for the study of the 
progressive changes in the infected root cells. The following survey 
of the more important papers published during the concluding years 
of the last century will serve to indicate the quickening interest of 
botanists in the subject of mycorrhiza and its increased importance 
as a branch of botanical investigation. 

Mention may first be made of the comprehensive review of work 
on root symbiosis and mycorrhiza published by Sarauw (1892). 
Numerons facts of historical interest are preserved in this paper, 
which included an exhaustive and accurate bibliography of the 
literature of root-infection, parasitic and otherwise. 

About the same time appeared a paper by Hoveler (1892) dealing 
with the soil humus as a source of food material for green plants. 

^ Frank's Lelwhuch der Botanik was published in 1892, and included a 
summary of his observations on mycorrhiza and his views respecting its 
significance. 
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The old view as to the importance of humus in this connection 
had long been discredited, but little was known as to the exact 
chemical nature of this important soil constituent. The subject had 
engaged the attention of a number of workers, and numerous 
publications had already appeared dealing with the origin and nature 
of the soil humus and the utilisation of organic compounds by green 
and non-green plants whether by direct absorption, or indirectly, 
through the agency of root fungi. 

The researches of Frank (1888 6, c) and Koch (1887) on this subject 
have been mentioned. Among other contributors to the literature 
of the subject were Stutzerand-Klingenberg (1882), Baumann (1886), 
Muller (1887, 1889), D6h6rain (1889), Hoppe-Seyler (1889), Acton 
(1889), and Berthelot and Andre (1892). 

Hoveler devoted special attention to the presence or absence of 
root hairs and the incidence of fungus infection in humus plants, an 
aspect of the problem indicated by Frank's insistence on the absence 
of root hairs from plants with ectotrophic mycorrhiza, and their 
relative infrequence in those showing the endotrophic type of 
infection. He recorded abundant root hairs of a rudimentary 
type in Orchids generally, noting also the presence of endotrophic 
mycorrhiza in Epifactis latifolia, which, in common with Listera 
ovata, Frank had previously described as free from fungus infection. 
In general his observations lent support to the view that plants 
with abundant root hairs were free from root infection, although 
Calla palustris was noted as a species possessing both root hairs and 
mycorrhiza. Among humus plants producing root hairs but growing 
under field conditions favourable to the formation of mycorrhiza, 
Enophorum spp., Narthecium ossifragum, Myrica gale, Pinguimla 
vulgaris, Hydrocotyle vulgaris, and Drosera spp. were cited as entirely 
free from fungus infection. In the light of modem researches this list 
of “fungus-free" species is a useful illustration of the need for an 
improved technique in investigations of this kind. The author con- 
firmed Frank's records as to the absence of root hairs in Ericaceae, 
observing as a noteworthy fact that members of this group formed 
mycorrhiza even when growing in sandy soil deficient in humus. 

Hoveler sought experimental proof that many plants living on 
humus soils could use the organic compounds present, but his researches 
were inconclusive in respect to this and were not confirmed by 
contemporary workers. 

Later, Reinitzer (1900) and Nikitinsky (1902) carried out 
investigations on the decomposition and utilisation of humus, but 
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their results threw little light upon the nutritive relations in 
mycorrhiza plants. 

The attention attracted to Neottia and other non-chlorophyllous 
species in respect to their mode of nutrition and the possession of 
mycorrhiza has already been noted. 

Further contributions to the literature deahng with these so-called 
saprophytes were made by Johow in 1885 and 1889, and by Groom 
in 1894 and 1895. 

Johow's admirable papers on "'holosaprophytes/' although they, 
dealt but briefly with the mycorrhiza of the species described, had 
an important indirect bearing on the subject by reason of the special 
significance of the nutritive relations in the case of vascular plants 
lacking chlorophyll. The first paper dealt with the anatomy and 
embryology of a number of holosaprophytic species collected by the 
author in Venezuela and the Lesser Antilles; the second attempted 
a comprehensive account of the whole group from a biological stand- 
point and included descriptions of many species previously imper- 
fectly known, together with a review of all the knowledge then 
available concerning these curious plants (Plate I, Figs. 5-10). 

The use of the term holosaprophyte for non-green vascular 
species other than obvious parasites is sanctioned by custom and 
need not now be discussed. As used by Johow, the term was 
applied to non-green vascular plants growing in a substratum rich 
in humus. 

At the time when these observations were made, practically 
nothing was known concerning nutrition in these plants, although 
certain conclusions were inferred from their usual habitat in humus- 
rich soils and from the fact that those investigated showed regular 
and characteristic fungus infections of the subterranean organs. 
Information as to seed germination was fragmentary and unsatis- 
factory, nothing was known as to their behaviour when grown under 
strictly controlled conditions, as to the time and manner of fungus 
infection or the possibility of raising seedlings free from mycorrhiza. 
It may be added that the field of experimental enquiry in respect 
to these matters still remains almost unexplored. 

Only in the case of one genus mentioned by Johow, viz. Gastrodia, 
has subsequent work thrown light upon the actual method of nutri- 
tion and illuminated the nature of the symbiotic'' relation between 
the vascular and non-vascular constituents. 

Non-chlorophyllous species other than parasites were recorded by 
Johow in 43 genera of Phanerogams — 29 monocotyledons, distributed 
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in the three families, Orchidaceae, Burmanniaceae and Triuridaceae, 
and 14 dicotyledons, all members of Ericales or Gentianaceae. In 
view of the disparity of numbers between the two groups, it is perhaps 
significant that the parasitic habit is not known to occur among 
monocotyledons. 

Geographically, the regions richest in species were found to be 
Malay and equatorial South America. In general, plants were found 
only in moist shady woods, preferring soils rich in vegetable remains. 
The majority grew in a loose, spongy substratum of decaying leaves, 
but certain Orchids — Epipogum aphyllum, Corallorhiza innata and 
Neottia nidus avis — ^were also recorded by Johow from clayey soils 
watered by drainage from humus-rich deposits, and Hypopitys was 
reported exceptionally from grassy places in sand dunes, presumably 
poor in humus (cf. Monotropa hypopitys near Southport, p, 5). 

Some of the tropical species grew upon trunks of fallen trees and 
in similar situations, and a few were epiphytes on living trees. The 
origin of the humus did not ordinarily appear to be important, 
but Hypopitys hypophagea was specially associated with organic 
detritus derived from Fir and Beech, and Dictyostegia orobanchoidcs 
was recorded on a substratum consisting of the dead roots of 
Palms. 

All the species were found to resemble NeoUia and Monotropa in 
the possession of well-developed subterranean absorbing systems 
with a scanty development of aerial shoots limited to the flowering 
axes. The morphology of the absorbing organs showed much 
variety in detail, e.g, single tubers or rhizomes with or without 
roots, rhizomes or roots with ''coraUoid'' branching. Three species 
of Galeola, viz. G. cassythoides, G, foliata and G. altissima are 
remarkable exceptions, being branched climbing plants which reach 
a length of 50 to 120 feet. 

Anatomical peculiarities were already known in certain genera. 
The existence of these was confirmed and found to be characteristic 
of all members of the group. Absence of chlorophyll, replacement of 
chloroplasts by leucoplasts or chromoplasts, the absence of a main 
root and the frequent development of the '^coralloid'' or '"bird's 
nest " type of subterranean organs, the absence or feeble development 
of root hairs, and finally, the almost invariable development of 
mycorrhiza, to which Johow, in his first paper had thus alluded: — 
“Das constante Auftreten eines Parasiten in den Wurzeln dreier 
Pfianzenarten," these being NeoUia^ Corallorhiza and Monotropa. 

Minor abnormalities of structure appeared in the roots of most 
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species* Scale leaves of various types were borne upon the rhizomes 
and tubers, and also upon the aerial shoots. The latter were white 
or yellowish white in colour or showed a marked development of 
coloured pigment. 

Johow recorded the complete absence of stomata as an out- 
standing peculiarity of shoot structure in these plants, correlation 
of which with absence of an assimilating and transpiring mechanism 
being well shown in Burmanniaceae, a group including species with 
foliage leaves of normal structure. All the species described pro- 
duced minute seeds with rudimentary embryos. 

With one exception, all the saprophytic species known to Johow 
formed typical mycorrhiza in the roots and (or) rhizomes, endo- 
trophic in the great majority, but ectotrophic in Monotropa and its 
allies. The only exception belonged to the genus Wullschlaegelia, an 
Orchid closely related to Neottia, recorded by Johow as showing no 
trace of regular fungal infection. In view of the occasional presence 
of single hyphae mentioned by this author, a re-investigation of the 
species is greatly to be desired. 

The distribution of mycelium in the cortical cells of the roots 
and rhizomes was described as varying with the species; the cytology 
of the infected tissues was not investigated by Johow. 

In discussing the r61e of the mycorrhizal fungus in nutrition, 
reference was made by the author to the interesting observations of 
Schimper on the aerial roots of epiphytic Orchids. As is well known, 
certain species, e.g. Isochilus linearis, have aerial roots of more 
than one kind. Observations on those roots which ramified upon 
the surface of the bark and organic debris showed that fungus 
infection was confined to the cortical tissues upon the lower side, 
i.e. to that in contact with the substratum, while the aerial roots 
which hung freely in the air remained free from fungus infection. 
This distribution of infection was regarded as evidence that the 
mycelium was related in some way with the intake of food material — 
^'Durch diesen Befund wird wohl deutlich angezeigt, dass die 
Mykorhiza in Beziehung zur Nahrungsaufnahme steht.” 

Johow accepted the existence of hemisaprophytic species as an 
established fact, instancing the works of Solms Laubach (1867-1868), 
Kerner (1887) and Koch (1887) on the subject. As in the case of 
holosaprophytes, the claim that certain species are hemisaprophytic 
in nutrition was based on the character of their habitats and upon 
certain structural features resembling those found in their non- 
chlorophyllous allies. No experimental evidence was produced that 
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any of these plants could directly utilise the organic residues in 
humus soils. 

In a paper dealing with the same subject Groom (1894) defined 
saprophytes as “plants which are dependent for their existence on the 
presence in the substratum of decaying organic matter. Like 
parasites, they may be divided into those which possess chlorophyll 
(hemisaprophytes) and those which have none (holosaprophytes).'* 
The scanty experimental evidence for the existence of hemisapro- 
phytes was noted by Groom, however, who pointed out that current 
views on the subject were largely speculative. 

After reviewing the work of earlier observers, including a detailed 
summary of the conclusions reached by Joho^y on the subject, the 
author gave a detailed account of the morphology and histology of 
four Orchidaceous holosaprophytes from the Indo-Malay region, viz. 
Galeola gavanica, AphyUorchis pallida, Lecanorchis Malaecmsis and 
Epipogum nutans. Of these previously undescribed species, the 
three first-named possessed rhizomes with unbranched or feebly 
branched roots and scale leaves; the last-named species was rootless. 
In all four species structural features directly related to abHorj')tion 
and to the elimination of excess water from the subterranean organs 
were described by Groom. In all there was found extensive fungal 
infection of the roots, and (or) rhizomes, and (or) scales, with a 
development of endotrophic mycorrhiza similar to that in Neotiia. 

Two other Orchid species, Corysanthes sp. and Spiranihes australis, 
were also examined for evidence of hemisaprophytism. Both were 
terrestrial plants with foliage leaves and formed endotrophic my- 
corrhiza. The habit, histology and affinities of the former and the 
affinities and habitat of the latter were believed to favour the view 
that both species were hemisaprophytic, i.e. that they utilised the 
soil humus directly as a source of organic food material. The con- 
clusions reached respecting the relation of fungus infection to 
metabolism were as follows: — ''Essentially connected with the 
absorbing organs are the mycorrhizal hyphae, which are present in 
aU known saprophytes {except WuUschlaegelia, according to Johow). 
The function of mycorrhiza is still a mystery. All that is known is 
that certain plants have on or in their roots mycorrhizal hyphae, 
that mycorrhiza is absent from roots grown in soils devoid of humus, 
and that in the case of endotrophic mycorrhiza the fungus does not 
kill the protoplasm of the cells in which it dwells.'' It may be noted 
that this observation was made nearly ten years subsequent to the 
publication of Frank's theory of beneficial symbiosis. Indeed, in 
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this paper the experimental observations of the latter are dismissed 
as inadequate and uncritical, although the author, reviewing the 
distribution of the mycorrhizal fungus in the absorbing organs and 
its relation with the root cells of these non-chlorophyllous Orchids, 
believed that his own observations supplied confirmatory evidence 
for the view “that mycorrhizal hyphae exert a beneficial effect on the 
host, and that the fungus is not merely a passive companion/' 

ProtoUrion paradoxum, a representative of a new genus of 
monocotyledons described by Groom in 1895, was believed to show 
affinities with both Liliaceae and Triuridaceae, the root resembling 
that of members of the latter group in the possession of a well- 
developed cortex with endotrophic mycorrhiza. The evidence 
derived from other structural characters was regarded also as 
indicative of a saprophytic habit. 

In 1895 Groom contributed a paper on Thismia aseroe. This 
plant is a member of a genus of curious “ holosaprophytic " species 
belonging to the family Burmanniaceae. It is a native of Malaya 
and was discovered and first described by Beccari. The plant body 
consists of a branching system of cylindrical, leafless axes which 
ramify horizontally in a substratum of decaying leaves. At the 
flowering period, erect scale-bearing branches bearing terminal 
flowers arise from the terrestrial axis. The anatomical structure of 
the creeping axis is anomalous and its exact morphological nature is 
not evident. 

The external and cortical regions of the axis were found to be 
extensively infected with mycelium, the mycorrhizal tissue showing 
a high degree of differentiation with regard to the condition of the 
intracellular mycelium. In the more superficial layers were found 
slender hyphae with densely staining protoplasm, in the deeper 
layers (medio-cortex) the cells contained ‘'conspicuous, dead, yellow, 
mycelial masses, consisting of portions of distinct hyphae which are con- 
nected ly slender portions of defunct hyphae with one another.'* Between 
these two regions was a single layer of cells containing “very slender 
hyphae, often spirally twisted, which suddenly swell out into 
intercalary bladder-like bodies often filled with densely stainable 
protoplasm." 

In certain tissues the cytology of the infected cells was peculiar 
and showed a remarkable development of intercalary hyphal 
swellings in which degenerative changes ultimately took place. In 
such cells starch disappeared after penetration by the fungus and 
did not reappear. 
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The physiological significance of these facts is very fully dis- 
cussed by the author, who concluded from comparative observations 
that there was an "'interchange of material between Fungus and 
host, and that the material is manufactured by the two symbionts 
respectively/' 

Frank's designation of cells showing degenerating mycelium in 
the endotrophic mycorrhiza of Orchids as "Pilzfallen” and of the 
plants possessing them as “ pilzverdauende Pflanzen" was severely 
handled by Groom in this paper on the grounds that the fungus 
demonstrably abstracted carbonaceous food from the plant cells in 
the early stage of infection, and that no direct evidence existed that 
it provided compensation in the form of protein material for the 
vascular host. “Although the hyphae of endotrophic mycorrhiza in 
the medio-cortex die soon, the root (or rhizome) cannot be said to 
act like the digestive organs of an insectivorous plant, because the 
protoplasm of the hyphae is manufactured partly at the expense 
and through the agency of the host." Moreover, the invading 
organism is not killed, indeed there was some evidence that in 
Thismia the hyphae in the outer cortical tissues “ acted as haustoria 
for those outside/' 

Frank's views as to the different physiological significance of 
endotrophic as compared with ectotrophic mycorrhiza were also 
criticised by Groom, who concluded that “the distribution of the two 
forms of mycorrhiza and the occurrence of transition stages between 
their extreme forms, militates against the view that the physio- 
logical significance is not the same in both." 

Of the alternative views that mycorrhiza is “a highly adapted 
and S5mibiotic community beneficial to both symbionts" or a “pure 
matter of infection of a plant by a Fungus," with a constant struggle 
between host and tentative parasite— Groom held that the weight of 
evidence was on the side of the former. His own observations on 
Thismia pointed to the absorption of carbohydrates by the fungus 
with some compensating return in the form of organic compounds 
of nitrogen from the humus made available to the host-plant. 
His observations pointed to a similarity of functions in ectotrophic 
and endotrophic mycorrhizas and provided no support for Frank's 
hypothesis in respect to this. 

The account of Barcodes sanguinea published by Oliver (1890) 
served to emphasise once more the remarkable biological features 
shown by members of the Monotropeae. This curious non-chloro- 
phyllous species had been collected in Pine woods in two localities 
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in the mountains of California. As described by Oliver the vegetative 
organs of the plant are represented only by a mass of coralloid roots, 
from which at flowering arises a massive inflorescence axis about 
35 centimetres high, closely invested by fleshy scales. As in other 
members of the Monotropeae chlorophyll is not formed, but the 
aerial parts of the plant are coloured brilliantly owing to the presence 
of a soluble red pigment. The root system consists of a brittle mass 
of densely branched fleshy roots, each lateral member arising 
exogenously upon the parent root. All the roots develop typical 
ectotrophic mycorrhiza resembling, except in minor details, that 
described for Monotropa, The apex of each root is enveloped by a 
sheath of closely interwoven hyphae that extends backwards over 
the whole surface of the root. Hyphae from the inner part of this 
fungal sheath penetrate between the epidermal cells of the root but 
do not enter them. 

Members of the genus Corallorhiza had long attracted the attention 
of botanists by reason of their peculiar coralloid rhizomes, absence 
of roots, and complete or almost complete lack of chlorophyll. The 
genus contains twelve species widely distributed throughout Europe, 
Asia, the United States and Mexico. All are brownish or yellowish 
herbs of similar habit to NeoUia and Monotropa, entirely lacking 
chlorophyll or developing only traces of that pigment in the later 
stages of growth. The observations made by earlier workers have 
been mentioned. 

A short paper by Thomas (1893) dealing more especially with 
C. multiflora, a species in which the aerial parts may reach a height 
of eighteen inches, was followed by one from Jennings and Hanna 
(1898) on Corallorhiza innata. Both papers described the curious 
trichome-bearing papillae upon the surface of the rhizome of this 
Orchid, Thomas regarding the hairs as organs of attachment that 
showed little evidence of any parasitic function, Jennings and Hanna 
interpreting them as ''fungus traps facilitating infection of the 
rhizome by the mycorrhizal fungus. 

The cytology of the mycorrhiza cells is inadequately described 
in both papers, neither of which made a large contribution to the 
knowledge of endotrophic mycorrhiza in non-green plants. In 
respect to the biological habit, Thomas rejected the hypothesis of 
parasitism— ''instead of being a root parasite as has been supposed, 
the plant depends chiefly on the symbiotic condition for its food 
and this is taken by the hyphae from the decaying vegetable matter 
about.'' Jennings and Hanna accepted the view put forward by 
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Frank that “the fungus is a living organism captured for the benefit 
of the host plant/' and considered that the latter was “at least by 
far the larger shareholder in the symbiotic relationship, if it can be 
regarded as such. More probable seems the view that there is no 
symbiosis, but that the fungus is captured and utilised by the 
Orchid without any compensating benefit." No direct evidence in 
support of either of these views was offered and no experimental 
work was attempted on either species. In the case of C. innata 
from the Eastern Alps, Jennings found evidence that the mycor- 
rhizal fungus was a Hymenomycete, possibly Clitocybe tmfimdi- 
buliformis, sporophores of which were constantly associated with 
the plants, but fruit bodies of Tricholoma sp., Cortinarius sp. and 
of a subterranean Hymenomycete were also found in close 
proximity. 

Before leaving the subject of Corallorhiza, mention may be made 
of the observations of Lundstrom (1889) onCalypso borealis in Sweden. 
This rare Orchid possesses a “coralloid" rhizome with a local 
development of endotrophic mycorrhiza resembling that of Cor alio- 
rhiza. The observation recorded by Lundstrom that mycorrhiza is not 
always formed in Calypso was confirmed later by MacDougal (1899 a, b ) , 
who observed great variability in plants of this species, not only in 
respect to the formation of mycorrhiza and “coralloid" branching 
of the rhizome, but also in leaf and flower characters. It was noted 
also by Lundstrom that ripe fruits were difficult to find and that 
seedlings were rarely seen in Nature. Moreover, attempts to raise 
plants from seed were not successful. 

The possession of endotrophic mycorrhiza by numerous species, 
other than those belonging to the four families, Orchidaceae, 
Ericaceae, Epacridaceae, and Empetraceae, originally cited by Frank, 
had been established by the researches of Schlicht and Johow. 
Janse (i896'-7) extended the already lengthy list by recording the 
wide distribution of this type of root infection among tropical plants. 
His attention was attracted to the subject when working on the 
fungus parasites of Coffee in Java, and his observations were made 
on plants from the forest of Tjibodas and the Botanic Garden and 
its neighbourhood at Buitenzorg. His researches extended over a 
wide field, including Bryophytes, vascular Cryptogams, Gymno- 
sperms. Monocotyledons, and a large number of woody Dicotyledons. 
Of the 75 species studied, 69 showed typical endophytic infection 
without damage to the cells of the host, affecting the roots or 
rhizomes according to the habit of the species. 
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Certain special organs mentioned by earlier workers were studied 
in greater detail by Janse. His observations on this matter have a 
bearing on those of subsequent workers and may be briefly sum- 
marised as follows. 

Soon after infection the endophytic mycelium formed terminal 
swellings — “v^sicules'" — varying in shape and size from spherical 
bodies 20ju. in diameter to elongated sacs loo/x x 27/x or larger. 
They contained much granular cytoplasm, and when mature, became 
gorged with reserve products, especially oil, and often acquired thicker 
walls of a brown colour. They were formed both within cells and in 
intracellular spaces and were regarded as analogous with similar 
structures recorded by Bruchmann (1874) and Goebel (1887) for 
Lycopodium sp., Kuhn (1889) in Angiopteris, Schlicht (1889) 

Ranunculus, Groom (1895) in TUsmia aseroe and Poulsen (1890) 
in Sciaphila sp. In common with a majority of other observers 
Janse was inclined to regard them as of the nature of resting spores 
which functioned as a means of asexual propagation for the endo- 
phyte. In general, '' v6sicules'' were absent from Orchid mycorrhiza, 
but in the case of two genera, Platanthera and Epipactis, Mollberg 
(1884) had recorded structures believed by Janse to be analogous 
to them. 

In describing organs of another type formed by the endophytes, 
Janse was on less sure ground, and it is clear from his account and 
from the figures illustrating it that he found it difficult to account 
satisfactorily either for the structure or functions of these so-caUed 
sporangioles.'' They were ubiquitous in distribution but were absent 
from the mycorrhiza of Orchids, where they appeared to be replaced 
by other structures, and also from that of seven tropical species other 
than Orchids. They were always intracellular, in distribution; they 
were formed in one or more layers of cells in the more deeply 
situated cortical tissues; they were rounded or irregular in shape and 
showed a mammillated structure interpreted as due to the inclusion 
of “spherules'" filled with granular material (PI. II, fig. 16). Janse 
was evidently disposed to regard the "'sporangioles" of his tropical 
species as analogous to the ''corps jaunes" of Wahrlich in Orchids, 
the "dichte Massen" of Schlicht in other species, and also to the 
structures "which break up into bacteriods," described by Groom 
in Thismia, In view of the elucidation of their real nature by subse- 
quent workers, it is unnecessary at this point to discuss them further. 

Although Janse's paper was, in the main, an account of the 
morphology and anatomy of mycorrhiza in tropical plants, he did 
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not ignore its physiological significance, and frankly admitted the 
necessity for isolation and study of the endophytic fungi. He 
referred to the unsatisfactory character of the attempts made by 
previous workers, and to his own unsuccessful efforts in the case of 
the endophyte of Coffee. 

His speculations on the biology of the relationship in mycorrhiza 
were obviously affected by the fascinating and successful researches 
of Winogradski (1895) on Clostridium pasteuriamm and by the work 
of Beijerinck (1888, 1890) and Laurent (1891) on the nodules of legu- 
minous plants. Pointing out that the assistance rendered to the 
vascular plant by the fungus might take the form of inorganic salts, 
of organic substances other than nitrogenous, or of nitrogenous 
material, he marshalled the indirect evidence for the fixation of 
atmospheric nitrogen by the endophytes with the subsequent transfer 
of nitrogenous material to the host plant, and concluded a some- 
what unconvincing argument for a reaction towards oxygen, re- 
sembling that in Clostridium ^ as follows : 

L' endophyte dtudie est un champignon aerobie facultatif de 
meme que le Rhizohium et le Frankia, II habite la grande majority 
des plantes les plus diverses, et se loge dans les couches internes de 
la racine ou il vit aux depens des hydrates de carbone de son h6te. 
En penetrant dans les tissus vivants, il cherche surtout a ^viter 
Toxyg^ne. Dans ces conditions il a la faculty de fixer Tazote atmo- 
spherique. La plante hospitaliere s'empare de la plus grande parte 
des mati^res azotee que prepare le champignon et se fait payer ainsi 
la nourriture hydrocarbonde et la protection qu'elle lui accorde. 

It may be mentioned that the experimental results furnished by 
cultures of Coffee in sterilised soils in no way supported these 
opinions. On the contrary, the experimental plants showed equally 
vigorous growth in treated and untreated soils. 

The interest excited by the character of the nutrition in non- 
chlorophyllous species and their green allies suspected of a sapro- 
phytic hab^t was evidenced in a series of papers by MacDougal 
(1898-1899). The author aimed at extending the knowledge of 
mycorrhiza — ^its occurrence, the physiological relation between the 
symbionts, and the effect of mycorrhizal adaptations upon develop- 
ment with reference to survival value in the species. Two aspects of 
the subject engaged his attention — ^the recording of fresh observations 
upon a number of species, and the expression of his own views 
respecting the saprophytic habit in general. Among the plants 
examined were Pterospora andromedea, a holosaprophytic member 
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of the Monotropeae, eight Orchidaceous species recorded as hemi- 
saj^YophyteSy including Calypso borealis, to which reference has already 
been made (see p. 42), together with Podophyllum peltatum, Sarra- 
cenia purpurea and other autotrophic species found to be free from 
mycorrhiza. Of new observations may be noted: the presence of 
stomata in species of Epipogum, Aphyllorchis, LecanorchiSy Cotylan- 
thera and Pterosporay from which as from other non-green saprophytes 
their absence had been recorded by earlier observers, and the 
penetration of the endophyte into tissues other than those of absorb- 
ing organs. It does not appear that the cytology was studied in 
detail, but in Peramium [Goodyera) repens, intracellular mycelial 
masses were described as structures of an “absorptive character,” 
not in any sense homologous with or analogous to the “ sporangioles ” 
of non-orchidaceous species as indicated by J anse. Despite which fact, 
the author appears to have regarded both “sporangioles and hyphal 
clumps” in general as “organs of nutrition.” Although not figured, 
there can be little doubt of the real nature of these intracellular 
structures described by MacDougal ; in common with “ sporangioles,” 
they will be considered more fully in a later paragraph. 

The opinions expressed by MacDougal respecting nutrition of 
saprophytic species were founded on anatomical considerations and 
must be regarded as entirely theoretical. Emphasis was laid on the 
fact that the young seedlings of ordinary autotrophic plants are 
saprophytic in nutrition. The existence of this habit in the adult 
can be explained therefore by assuming retention of a juvenile char- 
acter together with loss of chlorophyll and the development of certain 
structural modifications of the absorbing and transpiring organs. 

MacDougal applied the term holosaprophyte to all species lacking |’ 
chlorophyll, and hemisaprophyte to those showing only slight modi- j 
flcation in structure. Accepting this customary definition, he pointed 
out that only three methods existed by which the requisite organic 
materials could be obtained by such plants : 

{a) By adoption of the carnivorous habit. Since no carnivorous 
plant was known in which this habit was obligate, it followed that 
no species has attained complete saprophytism in this way. 

(6) Directly, by modification of the absorbing organs, to permit 
the intake of organic compounds. Complete saprophytism of this 
kind was known only in fungi, bacteria, and — assuming the cor- 
rectness of Johow's observations — ^in one vascular plant, the Orchid, ^ 
Wullschlaegelia aphylla. 

(c) Indirectly, through the intervention of fungi which had 
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invaded the absorbing organs. In this case it was assumed that 
“the walls of the fungus have developed a capacity for the osmotic 

passage of organic material With regard to the higher plant, 

therefore, I have temporarily termed this adaptation symbiotic 
saprophytismy such condition being regarded as “the natural result 
of the supplemental capacities of two organisms brought into 
nutritive contact chemo tropically/' 

MacDougal found no support for the theory advanced by Janse 
that root fungi were negatively chemotropic to oxygen, and under 
anaerobic conditions bore a relation to the host plant similar to that 
shown by the nodule bacteria in legumes. Moreover, he distinguished 
two types of endotrophic mycorrhiza, “one adapted for nitrogen 
fixation, and a second for the absorption and modification — ^perhaps 
oxidation — of the soil products before liberation in the tissues of the 
higher plant/' Unfortunately, in spite of the interest of his observa- 
tions, MacDougal was not able to support his views on nutrition by 
reference to experiment, or to contribute any new facts respecting 
the identity of the fungi concerned in the formation of mycorrhiza. 

Evidence of a growing interest in cytological problems was 
provided by a new contribution to the already extensive literature 
on NeoUia, In the preface of this paper Magnus (1900) referred to 
the dearth of observations on plant material relating to cell pathology, 
the contributions of Vuihemin (i8go) on mycorrhiza, and of Tubeuf 
(1895) on diseases of plants containing little information as to changes 
in nuclear structure or in the finer cytological details. 

It was with the view of filling this gap that Magnus undertook 
a comparative study of the cytology of the infected cells of Orchid ; 
roots with special reference to Neoitia nidus avis. His observations ; 
correlated and explained those of earlier observers in respect to 
certain features; the paper recording them forms a starting point 1 
for modem work on the subject, and the facts described in it have 1 
since become a commonplace of the literature dealing with Orchid ! 
mycorrhiza. 

A correct interpretation of the slimy brownish masses present in 
many of the root cells of Neottia and other Orchids, due in the first 
instance to Cavara (1896), had been confirmed by Chodat and 
Lendner (i8g6), who, in an account of the mycorrhiza of Lister a 
cordata, had described the degenerative changes of mycehum and 
other cell contents which took place in the older tissues. Dangeard 
and Armand (1898) had made a similar contribution in respect to 
Ophrys aranifera. These views had replaced the incorrect and often 
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confused interpretations offered by Drude, Reinke, Mollberg and 
Wahrlich. 

In Neottia, Magnus recorded invariable infection of the vegetative 
organs involving three or four layers of cortical tissue in the roots, 
and sometimes as many as six layers of sub-epidermal cells in the 
stems. Two types of infected cell were described, differing markedly 
in structure and physiological reactions and unconnected by transition 
forms — “ Pilzwirthzellen ” in which the mycelium retained its 
identity and persisted in the active condition, and Verdauungzellen 
in which it underwent rapid degeneration. 

In both types of cell the hyphae on entering became clearly 
associated with the cell nucleus and branched extensively. In both, 
subsequent to infection, the mycelium was completely invested by 
the cytoplasm of the host cell, the latter showing a similar degree 
of vitality in infected and uninfected cells. In the '' PilzwirthzeUen,'* 
the cell cavity became filled with mycelium showing a differentiation 
to thick-waUed hyphae of large diameter at the periphery surrounding 
a central region filled with fine hyphae, the whole enveloped by the 
cytoplasm of the host cell. The ''Verdauungzellen'' in the earlier 
stages were filled with closely wound skeins of thin-walled protein- 
rich hyphae — ^the "Eiweisshyphen." Later, the nuclei of these cells 
underwent remarkable changes of size, shape and chromatin content, 
indicating marked functional activity, and the mycelial contents, 
surrounded by and including a proportion of the ceil cytoplasm, 
became "clumped" around them, the whole contents of each cell 
eventually forming an opaque structureless mass — the "gelblichen 
Stoffes " of Schleiden and " corps jaunes " of Wahrlich and subsequent 
observers. 

"Clump" formation involved the whole or a part of the cell 
contents and was followed by complete degeneration and digestion 
of the mycelium. As described by Magnus, each "clump" became 
surrounded by a layer of cellulose-like material secreted by the 
cytoplasm. Whether this actually was the case or whether the 
substance of the clumps — apart from the cytoplasm — consisted 
entirely of alteration products of the digestion process, remained 
somewhat uncertain. 

Certain features of interest emerged from this first clear and 
accurate account of intracellular digestion in Orchids. The two types 
of cell in Neottia were described as showing a regular arrangement, 
the " PilzwirthzeUen " occupying the middle part, and the "Ver- 
dauungzellen" the outer and inner layers of the infected region. 
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Magnus reported a similar differentiation of the mycorrhiza cells in 
other Orchids, varying in degree in different species, and proposed a 
classification of Orchid mycorrhiza on this basis. 

No transitions were observed between the two types of cell. In 
the one case, the hyphae retained their activity throughout the life 
of the root, in the other they invariably suffered complete degenera- 
tion. In the former, the fungus grew as a parasite, caused injury 
to the cell, and eventually formed resistant hyphae especially 
adapted to survive the winter after the death of the roots; in the 
latter, the products of digestion were at the disposal of the host 
plant. Physiologically the two types of cells were regarded as 
representing profit, in the one case exclusively to the fungus, in the 
other exclusively to the vascular plant. 

Much attention was devoted by the author to the observation 
and interpretation of the nuclear changes observable in infected 
cells — their increase in chromatin content and stainability, and, in 
the case of '' VerdauungzeUen,” the amoeboid changes of shape. He 
does not appear to have related these appearances directly to the 
digestive activities of the cells and was obviously puzzled by the 
close association of the “parasitic” hyphae and their “haustorial” 
branches with the cell nucleus, in relation to current views on the 
significance of the latter as the centre of nutritive activity in the cell. 
“Dass sich parasitare Pilze, mit ihren Haustorien oft an den 
ZeUkem legen und in seiner Nahe eigenthumlich verzweigen, gestattet 
Keinen Ruckschluss auf die Bedeutung des Kernes als Nahrungs- 
centrum der ZeUe.^' 

His observations confirmed the prevailing opinion that the Orchid 
endophytes, with their scantily developed soil connections, did not 
play an important part in the absorption of nutritive material from 
the soil, finding the food supplies necessary for growth within the 
host cells. 

Magnus compared the biological relation in the mycorrhiza of 
Orchids with that in leguminous nodules, regarding the “ Verdauung- 
zellen” as a mechanism whereby the higher plant benefited and the 
“Pilzwirthzellen” as one whereby certain vegetative parts of the 
endophytes, having escaped digestion, were returned to the soil as 
resting structures after the death of the roots, 

Chodat and Lendner (1896) had rejected the view of a symbiotic 
relation beneficial to the Orchid plant in the case of Listera cordata, 
and regarded the endophyte as a relatively harmless parasite. 

Regarding the condition in each mycorrhiza ceU of NeoUia as a 
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life and death struggle for the individual symbionts, Magnus en- 
visaged the possible existence of other and extreme types of 
symbiosis in other Orchids — destruction of the invaded cells at one 
end of the series, complete digestion of the invading mycelium at the 
other. A discussion on the biological significance of mycorrhiza in 
non-chlorophyllous plants concluded with a warning against accept- 
ing premature conclusions regarding the biological relations in view 
of the ignorance that existed at the time in respect to the general 
relations of these plants with their environment. 

He also alluded briefly to the mycorrhiza of Andromeda polifolia, 
which had been figured by Frank without reference to the condition 
of the intracellular mycelium, and to his own observations on Erica 
and Vaccinium which suggested a differentiation into '"Pilzwirth- 
zellen'' and '' Verdauungzellen” in these genera of Ericaceae. It was 
also pointed out that a figure of the root cells in Calluna published 
by Pfef er (1897) showed cells of the former type only. 

Magnus contributed nothing fresh to knowledge of the identity 
of the root fungi of NeoUia or other Orchids. 

Lendner (1895) had re-examined the endophytes of Platanthera 
and Vanda from this point of view, and had accepted Wahrlich's 
conclusions with regard to their systematic position. Chodat and 
Lendner (1896) also reported that the endophytic fungus of Listera 
cordata resembled the Nectria isolated by Wahrlich from species of 
Vanda. 

The observations of Shibata (1902) on certain Japanese plants 
form’ an interesting corollary to the work of Magnus on Orchids. 
Cytological investigation of two species of Podocarpus and of 
Psilotum triquetrum showed that the richly developed intracellular 
mycelium in the cells of the roots and rhizomes respectively under- 
went rapid digestion, with subsequent disappearance of the products. 
At the onset of digestion, the nuclei of infected cells exhibited 
features indicating great metabolic activity — ^increase of size and 
chromatin content, amoeboid changes of shape and multiplication 
by amitotic division, the latter being regarded by the author, not as 
a symptom of degeneration, but as a means of rapid increase of the 
centres of functional activity in each cell. After digestion, the nuclei 
and host ceils reverted to their ordinary condition. 

The mycorrhiza of Podocarpus was developed as serial rows of 
root tubercles formed by increase in number and modification of the 
lateral roots; subsequent to digestion the tubercles disintegrated and 
were not liable to reinfection. According to Shibata, the material 
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remaining in the cells after digestion and absorption consisted of 
the remains of the hyphal membranes, surrounded by an amyloid- 
like material. The “vesicules'* formed by the endophyte were re- 
garded as comparable with the swellings on vegetative hyphae that 
appear under certain cultural conditions. 

The presence of active proteolytic enzymes in the tubercles of Podo~ 
carpus was determined by extraction of the tissues in glycerine and 
estimation of the changes induced in fibrin by the extract. Shibata 
considered that the endophyte absorbed some part of the necessary 
carbohydrate food material from the host plant, the symbiotic 
relation consisting in the acquisition of certain protein substances by 
the latter. In view of the scanty connections with the mycelium 
outside the roots, he regarded it as doubtful that the plant could 
benefit by reason of absorption of mineral salts by the fungus, and 
he preserved an open mind with regard to the general method of 
nutrition of the latter. 

In Psilotum the fact of infection had been recorded previously 
by Solms Laubach (1884), Janse (1896-7), and Bernatsky (1899). 
In this plant it was the rhizome which suffered invasion, and 
the infected cells showed differentiation to ''Pilzwirthzellen'' and 
“ Verdauungzellen’' as in Orchids. 

Shibata's observations on Psilotum^ as well as those on the 
root tubercles of Alnus and Myrica, are dealt with in later sections 
of the present work. 

Petri (1903) subsequently repeated Shibata's observations on 
species of Podocarpus with special reference to the r61e of the organs 
described as ''sporangioles.” Like the latter observer, he was able to 
prepare from the roots a glycerine extract with marked proteolytic 
properties. 


Explanation of Plate I 

Fig. 5. a, Diciyosiegia orohanchioides', h, ditto, leaf-scale from rhizome; c, 
Pogoniopsis sp.; e,f, g, h, Sciaphila schwaokeana. 

Fig, 6. a, Voyna tenella; h, ditto, seedling from dead wood; c, Voyria uniflora; 
d, Voyria trinitatis. 

Fig. 7. Pogoniopsis sp.; tr. section of lateral root. 

Fig. 8 . Apteria satacea. 

Fig. 9. Burmannia capitata; plant growing in dead wood. 

Fig. 10. a, Voyria ohconica\ h, Burmannia capitata; a, Gymnostegia refracta; 
d, Dictyostegia orohanchioides. Original figures of plants all natural size. 
Reduced to about -J. 

(From Johow, Prings. Jahrh. vols. 16 and 20.) 




CHAPTER IV 


THE MODERN PERIOD 

The Modern Period : 1900-1925 — Saranw — Stahl; autotrophic and myco- 
trophic plants ; theory of nutrition — Marcuse — ^Mycorrhiza of Arctic and 
Alpine plants: Hesselman; Schroter; Wulff — Gallaud. 

The Modern Period: 1900-1925. 

O N the whole, the views current at the beginning of the present 
century respecting ectotrophic mycorrhiza tended to attach 
rather less importance to Frank's opinions without abandoning the 
theory of a symbiotic relation. Thus, Tubeuf (1903) from 1896 on- 
wards had observed the presence of functional root hairs in the 
ectotrophic mycorrhiza of trees and noted that a proportion of the 
roots were free from fungal infection. He had recorded also the not 
infrequent appearance of the endotrophic type of mycorrhiza in 
forest trees and was of opinion that the latter obtained the necessary 
salts independently, the root fungi functioning only as an indirect 
means of drawing upon the organic compounds of nitrogen locked 
up in humus. Observations and experiments on forest trees led 
Sarauw (1903) to conclude that the fungi were relatively harmless 
to the trees, although he regarded it as improbable that the latter 
derived any benefit from the association — 'Tass die Pilze unseren 
Waldbaumwurzeln und den Baumen Vorteil bringen sollten, ist 
bisher meines Erachtens weder durch Beobachtungen in der Natur, 
noch durch Versuche nachgewiesen worden." 

Mdller (1903, 1906) had reached similar conclusions. His observa- 
tion that Pines made good growth on sandy soils deficient in humus 
had led him to dispute Frank's view that Pinus sylvestris does not 
come to maturity on normal soils if mycorrhiza formation is hindered 
owing to lack of humus and the absence of the appropriate fungus ; 
moreover, his experiments to test the possibility of nitrogen fixation 
by the root fungi of Pine and Oak had yielded negative results for 
both these trees. 

A fresh attempt to survey the whole field and correlate the 
problems of nutrition presented by mycorrhiza plants with those in 
parasites and insectivorous plants was made by Stahl at the opening 
of the new century (Stahl, 1900). This paper, the most comprehensive 
study of mycorrhiza from the biological point of view since the 


4-2 



52 Myconhiza 

publication of Frank's theory of s5niibiosis in trees, has been freely 
quoted in the text-books and is probably one of the best-known 
contributions to the literature of the subject. Two aspects of Stahl's 
work demand attention : firstly, the new hypothesis put forward by 
him to explain the distribution of fungus infection in vascular plants 
and its beneficial effect upon the hosts, and secondly, the character 
of the experimental evidence offered in support of his opinions. 

Stahl's theory of nutrition was supported by the following argu- 
ments : 

(1) Both vascular plants and fungi make heavy demands upon 
certain essential mineral salts in the soil; moreover, investigation 
shows that fungus mycelium is a very efficient mechanism for 
removing soluble salts from the soil. There must be, therefore, a 
powerful, struggle for the essential mineral salts in soils, more 
especially in those rich in humus in which fungi are specially 
abundant. 

(2) The higher plants best fitted for competition under these 
conditions will be those with extensive root systems and abundant 
root hairs, in which a rapid transpiration current is facilitated by 
structural characters favourable for transpiration, e.g. by the presence 
of hydathodes, etc. 

(3) Vascular plants of this type growing in humus soils are 
usually free from fungus infection, e.g. Elder [Sambucus nigra), 
members of the Cyperaceae, and various Ferns. Obligate mycor- 
rhiza plants, on the other hand, have commonly a sluggish transpira- 
tion current, whether due to inefficient absorption, or to an ineffective 
mechanism for the elimination of water from the shoot, or to 
various interactions between these factors. On humus soils in par- 
ticular, they cannot compete with rapidly transpiring species or with 
fungi without the assistance of the symbiotic mycelium in their 
mycorrhiza. The great benefit derived in this way becomes evident 
when it is recalled that the development of the root fungi reaches 
a maximum in the autumn, i.e. at the season when transpiration is 
slowest. 

The major part of the paper consisted of an elaboration of the 
thesis just outlined, namely, that the incidence of fungus infection 
was directly related to the difficulty of procuring mineral salts, and 
hence, to the efficiency or otherwise of the mechanism for their 
absorption, it being assumed throughout that a large intake of water 
and a rapid transpiration current involved, of necessity, a corre- 
spondingly great absorption of nutritive salts from the soil. As a 
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matter of convenience Stahl distinguished two groups of plants — 
those with and those witliout mycorrhiza, the former group including^ 
obligate mycorrhiza plants, which depended always upon root infec- ■ 
tion for their proper nutrition, and facultative mycorrhiza plants, 
which were infected or fungus-free according to the character of the 
substratum. In reference to nutrition, ail mycorrhiza plants were 
described as mycotrophic. 

Reviewing his own observations and also those of other workers 
on the distribution of fungus infection, and neglecting certain con- 
tradictory facts, Stahl concluded — "'dass die Mycorhizenbildung 
hdchst wahrscheinlich mit der erschwerten N^rsalzgewinnung in 
irgend einem naheren Zusammenhang steht/' He stressed the in- 
tensity of the competition for essential salts in the humus soils with 
which many of the best known mycotrophic species were specially 
identified, and proceeded to test his theory of nutrition by seeking 
evidence that mycotrophic plants in general showed anatomical 
and morphological characters related to their symbiotic mode of 
nutrition. 

The details of this investigation on mycotrophic species — the 
relation of transpiration to sugar or starch in the leaf cells, the 
distribution of hydathodes and other mechanisms for facilitating 
the flow of water, the observed deficiency of nitrates and other salts 
in the tissues — ^need not be considered in this review. Many observa- 
tions of interest were included in the argument and may have a real 
significance of the kind postulated by Stahl, Nevertheless, they can- 
not be regarded as providing convincing evidence of the general 
proposition that the mycotrophic habit is a special adaptation giving 
to certain species compensation for the handicap imposed upon them 
by a sluggish transpiration current. In the light of modem work on 
absorption it is indeed doubtful whether the assumed direct correla- 
tion between intake of water and absorption of mineral salts exists. 
The evidence points to the two processes being entirely distinct, 
i.e. that a rapidly absorbing and rapidly transpiring plant is not 
necessarily specially favoured in the competition for mineral salts. 

Furthermore, some of the experimental evidence offered by Stahl 
is open to interpretations other than those suggested. For example, 
a method adopted was to grow comparative cultures of various 
species in suitable soils and in similar soils sterilised by exposure to 
ether vapour for five days. The experiments were designed to illustrate 
the potent effect of fungus competition by removal of this factor in 
the soils sterilised with ether, the beneficial effects observed in 
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seedKngs being attributed to the decreased competition for salts. 
Whether or not the differential growth actually observed in the roots 
of the two sets of experimental plants was due, as believed by Stahl, 
to the retarding effect upon growth of a relatively higher concentra- 
tion of salts due to the absence of mycelium in the sterilised soils, 
the bearing of this observation upon the biological function of 
mycorrhiza is indirect, and it in no way provided experimental proof 
that the presence of mycelium in the root tissues of mycotrophic 
plants facilitated the absorption of salts from the soil. The increased 
vigour observed in seedlings in the treated soils is shown in the 
photograph now reproduced (Fig. ii). 



Fig. II. StahUs experiment to demonstrate tlie efiect of fungus competition 
in soil. Left, two pots with Linum usitatissimum; the larger plant growing 
in sterilised, the smaller in unsterilised humus. Right, four pots with 
Sinapis alba\ the two larger plants in sterilised, the two smaller in un- 
sterilised humus. (From Stahl, Jahfb.f. miss. Bot. 1900.) 

In Stahl's earlier experiments the treated soils were sterilised 
by heating to 100^ C. ; in his later work, to which the series of 
experiments figured belong, sterilisation was effected by exposure 
to the vapour of chloroform or ether. In view of modem work on 
soil sterilisation, it is certainly unsafe to conclude, as did Stahl at 
the time of the experiments, that the beneficial effect observed was 
due solely to decreased competition for essential salts. The effects 
produced by partial sterilisation of soil, whether by heating to 100° C. 
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or by exposure to volatile antiseptics, are complex in origin, and 
lead directly and indirectly to an increase in the amount of available 
plant food present. The stimulus to growth commonly noted results 
from this increased supply and would mask any effect due to re- 
moval of fungus competition (Russell, 1921). 

By independent observation, Stahl confirmed Frank's conclusion 
that obligate mycorrhiza plants always gave a negative reaction 
when tested for nitrates, even when growing in the same soil with 
fungus-free species which reacted strongly. This fact has no essential 
bearing on the hypothesis of a differential rate of absorption in 
mycotrophic as compared with autotrophic plants, significant though 
it may be in relation to the nitrogen metabolism of the former group. 
His comparative observations on insectivorous plants — their dis- 
tribution upon soils poor in nitrates and other essential salts and 
their freedom from mycorrhiza — and his conclusions that the 
carnivorous and mycotrophic habits appeared to be mutually ex- 
clusive, are of interest in the same connection. 

It was assumed by Stahl, as by earlier workers and by his con- 
temporaries, that fungus infection took place exclusively from the 
soil. Modern work upon Ericaceae, with the resulting experimental 
demonstration of the real character of the symbiotic relationship 
in this group, has proved this view to be erroneous and, incidentally, 
has raised doubt as to the correctness of his observations on Vaccinium 
myrtillis. In the paper now under consideration it was recorded that 
seeds of this species sown on peat in May gave plants the roots of 
which showed beautiful and characteristic mycorrhiza when ex- 
amined in the following October, whereas the roots of seedlings of 
the same age grown upon similar soil sterilised by heat were entirely 
free from fungus infection : 

Hierbei stellte sich heraus, dass die Exemplare, deren Wurzeln sich 
in dem der Siedehitze bezw. Aetherdampfen ausgesetzten Substrat 
ausgebreitet hatten, vollig pilzfrei waren. Bei den in nicht sterili- 
sirtem Substrat wurzelnden Pflanzchen waren dagegen die fiir die 
Ericaceen charakteristischen Mycorhizen in schonster Weise zur 
Ausbildung gelangt. 

If, in Vaccinium as in Calluna, casual infection of the seedling 
from the soil is supplemented by regular infection from the seedcoat 
at germination, Stahl's conclusions obviously require revision. This 
matter will be discussed again when dealing with the Ericaceae. 

Working in Stahl's laboratory, Marcuse (1902) re-investigated 
the mycorrhiza of a number of Orchids and other species, with a 
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view to confirming the opinions expressed by the former respecting 
its biological significance. His observations on green and non-green 
Orchids led him to conclude that the condition and distribution of 
the endophytes stood in direct relation with the vegetative period, 
general environment of the plants, and age of the roots. 

The structural evidence was held to support the view that out- 
growing hyphae functioned in a similar way to root hairs; at the 
same time, the author reiterated the uncertainty respecting the ability 
of non-green plants to draw directly upon the humus constituents 
of soil, i.e. he questioned whether they were, in the strict sense, 
saprophytic in nutrition. Among the species examined, other than 
Orchids, were the following — BotrycMum lunaria, Linum cathartimm, 
Polygala amara, P. vulgaris and various members of Pyrolaceae, all 
of which are typically mycotrophic plants. Heinricher (1900) had 
previously rejected the h3q)othesis of a parasitic habit for the genus 
Polygala, recording P. chamaebuxus as an obligate mycorrhiza plant 
and other species of the genus as facultatively mycotrophic. The 
figure of a root section of P. amara supplied by Marcuse suggests that 
typical intracellular digestion occurs in the latter species, although 
this matter is notmentioned by the author (PI. 11 , Fig. 17). A fewnew 
cases were added to the rapidly growing list of plants known to form 
endotrophic mycorrhiza, but in the main this paper may be regarded 
as consisting of special pleading in support of the Stahl hypothesis; 
namely, that the demand for available mineral salts in certain soils 
exceeds the supply, the resulting intensity of competition being the 
primary cause of a symbiotic relation in mycorrhiza. 

A somewhat new aspect of mycorrhiza was opened up by Hessel- 
man (1900), who examined a number of Arctic species from Bear 
Island, Spitzbergen, and other northern stations during a Swedish 
polar expedition in the summer of 1898. Well-developed mycorrhiza of 
various t5rpes was recorded for Salix sp., Dry as octopetala, Diapensia 
lapponica, Taraxacum phymatocarpum, Arnica alpina, Erigeron uni- 
florus and E, compositus. In Polygonum viviparum it was of typical 
ectotrophic structure, an exceptional condition in herbaceous plants. 

The formation of mycorrhiza by arctic and alpine plants is not 
in itself remarkable, but its existence was so bound up with the 
theory of nutrition from soil humus, that, at the time of Hesselman's 
observations, it must have occasioned some surprise to find root 
infection well developed in plants growing in poor and sterile soils 
in which a deficiency of humus constituents was determined both by 
the paucity of plant remains and by the unfavourable climatic con- 
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ditions for bacterial action. Hesselman described mycorrhiza in 
Dry as octopetala from stations so diverse as Spitzbergen, Nova 
Zemlya, North Europe, Tirol, the Apennines and the Altai Moun- 
tains; the YBiiety integnfoUawd.s said to be also typically infected. 

Subsequently, Schroter (1908) figured the mycorrhiza of Pinus 
montana and various herbaceous Alpine plants including the grass 
Sesleria coerulea. In the last-named species, root infection was found 
to be sporadic and was recorded as possibly related to the character 
of the habitat. In another grass, viz. Nardus sfricta, Schnellenberg 
had described mycorrhiza of the endotrophic type. In this case the 
incidence of infection was correlated with well-marked differentiation 
to long and short roots, the latter characterised by arrested growth, 
profuse branching, absence or poverty of root hairs, and heavy intra- 
cellular infection. Stahl (1900) had previously recorded the forma- 
tion of mycorrhiza by many alpine species of Gentian. 

In connection with Stahl's hypothesis that the mycotrophic habit 
is correlated with a difficulty in obtaining mineral salts, with feeble 
transpiration, and with poverty or absence of starch, it was pointed 
out subsequently by Wulff (1902), on the basis of his own researches 
on Arctic plants, that a large number of species from high latitudes 
possess well-developed mycorrhiza. Moreover, of sixteen species 
collected and investigated by this author in Spitzbergen, all were 
characterised by the presence of abundant sugar and the absence or 
scanty appearance of starch in the leaves, and exhibited a very 
feeble transpiration current as compared with that developed by 
plants in warmer climates. For these Arctic species, the most 
favourable conditions for transpiration appeared to be provided by 
temperatures about 5® C. and a relative air humidity of 60-70 per cent. 

The last decade of the nineteenth century had yielded a notable 
accumulation of observations on the distribution, cytology and 
biological significance of endotrophic mycorrhiza. Stahl had put 
forward new views respecting the beneficent rdle of the endophytes. 
The observations of Magnus (igoo), Shibata (1902), and Petri (1903) 
had confirmed Frank's observations on the mycorrhiza of Orchids 
and shown that intracellular digestion with subsequent absorption 
of the products was not confined to this group of plants. 

During the opening years of the new century the extensive 
researches of Gallaud (1905) pushed home these conclusions, while 
the improvement in microtechnique provided him with the means of 
explaining certain inconsistencies in the records of his predecessors, 
especially in respect to the organs described as ''sporangioles." 
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Holding the view that many of the earlier observations on endo- 
trophic mycorrhiza had been made on species showing a relatively 
advanced and complex condition, Gallaud undertook an investiga- 
tion of cases likely to exhibit less specialised relations with the view 
of throwing fresh light on the biology of mycorrhiza. The work 
planned included the examination and description of the mycor- 
rhiza of a large number of species, including some previously ex- 
amined by Schlicht and others, a study of the structure and functions 
of special organs formed by the endophytes, together with observa- 
tions on any reciprocal action observable between fungus and host, 
and the isolation and cultivation of the endophytic fungi. Included 
with his original observations on these matters are a useful historical 
review and an extensive bibliography of the literature. 

GaUaud's observations on the production of special organs by 
the endophyte are of interest, and the structures described were 
found in practically aU the plants examined by him. In the inter- 
cellular spaces of the root cortex he noted that the mycelium com- 
monly formed cylindrical expansions the size and shape of which 
were determined by those of the individual air-spaces in which they 
were found. Sometimes these were replaced by terminal and inter- 
calary swellings with thickened walls and densely granular contents, 
identical in appearance with the “ v6sicules ” described by Janse and 
other workers. Occasionally the hyphae branched repeatedly in the 
intercellular spaces; more often this took place within the cells, 
giving rise to characteristic intracellular structures named by 
Gallaud "'arbuscules/' On casual examination appearing as homo- 
geneous granular masses filling the cells, in thin sections the 
“ arbuscules '' could be resolved into more or less complicated 
branch-systems or tufts of hyphae, the ultimate branchlets of which, 
X II to 2 iJL in diameter, were difficult or impossible to distinguish 
without the aid of a careful technique and high magnification. 

They were terminal or lateral upon the main hyphae and showed 
much variation in morphological detail, varying in size and com- 
plexity of branching in different plants (Figs. 12 a, 6). In certain 
cells "'arbuscules'' were replaced by granular masses often nodular 
in outline but without definite hyphal contours. Showing marked 
variability in structural details and stainability, the latter were 
evidently analogous to the structures described by Janse as 
"'sporangioles*' and by Petri (1903) under the name of "'pro- 
sporoidi."' Gallaud retained the former name without attaching 
any significance to them as reproductive organs of the fungus. 
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Fig. 13 a Fig. 136 

Figs. 12 and 13. Endotrophic Mycorrhiza. 
icta. Avum maculaium. Young arbuscule; simple type. 

12 h. Sequoia gigantea. Young arbuscule; compound t3rpe. 

13 a. Allium sphaerocephalum. Arbuscule in course of transformation to 

sporangioles. 

13 h, Ofnithogalum umbellatum, Arbuscule undergoing change to sporangioles. 
(All after Gallaud, Rev. G 4 n. de Boi. 1905.) 
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From his own observations he concluded that the produ 
vesicles was a normal phenomenon for the fungi of all end< 
mycorrhizas except those of Orchids, and he believed thei 
of the nature of storage organs. Arbuscules were preseni 
majority of plants examined and were regarded as haustorial 
systems functioning as absorptive organs for the endophyl 
were believed to be organs peculiar to mycorrhizal fungi. 

Gallaud's interpretation of ''sporangioles” as alteration i 
produced by intracellular digestion of arbuscules is of special i 
inasmuch as it correlated and explained the observations of j 
workers and provided a reasonable explanation of the strui 
endo trophic mycorrhiza in general. The evidence ofieredis cor, 
for th(i correctness of this view, as is that which establish! 
identity with the sporangioles/' “ Klumpen,” “masses granii 
and “corps de ddgdnerescence” of previous observers. The i 
logical peculiarities previously ascribed to them clearly d( 
upon the phase of digestion observed in individual cells, t] 
advanced representing only residual remains of the original x 
contents. At this stage all traces of mycelial structure i 
appeared, the remains of the hyphal membranes and other : 
having contracted and hardened to form a homogeneous rei 
mass with definite outlines attached to the living portion 
mycelium by an empty hyphal stalk (Figs. 13 a, b, 16). T 
distribution of “ sporangioles “ was a measure of the preva 
intracellular digestion in endo trophic mycorrhizas and,^ in c 
with the existence of arbuscules, was believed to provide e 
of affinity in the fungi concerned in their formation. 

Excluding the mycorrhiza of Ericaceae, which was tho 
approach the ectotrophic type in structure, Gallaud classi 
(;tndotroi)hic mycorrhizas studied by him as follows: 

1. A mm maoidatum series. Mycelium at first intracelluli 
int(‘rcellular; arbuscules or sporangioles usually simple and h 
not localised in definite layers of cells. 

2. Paris quadrifoUa series. Mycelium always intracellulai 
cules or sporangioles usually compound, not terminal, loca 

dcTmite layers. ^ , 

3. Hepatic scries* Mycelium always intracellular with ar 

and sporangioles not localised in layers. 

4. Orchid series. Mycelium always intracellular with dif 
tion "to "Pilzwirthzellen” and “Verdauungszellen.” 

In each of these series Gallaud included plants of the mosi 
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affinities and habitats. For example, with Arum maculatum are 
grouped Monocotyledons and herbaceous Dicotyledons of many 
different families and likewise the marattiaceous fern, Angiopteris 
durvilleana. With Paris guadrifolia, a like heterogeneous collection 
of Monocotyledons and Dicotyledons together with Sequoia gigantea, 
and other Conifers, and Ophioglossum vulgatum. With Pallia epiphylla 
and other Hepatics were associated the prothalli of Lycopodium sp., 
and with the Orchids such diverse species as Tamus communis and 
Psilotum triquetrum. 

It is difficult to believe that so heterogeneous a grouping has any 
real significance. Gallaud himself was careful to point out that his 
classification was based only on the morphological characters of the 
mycorrhizas. On critical examination he could find no reasons for 
believing that the differences described had any taxonomic value in 
respect to individual endophytes and expressed the view that all 
the fungi concerned could be placed in a common group: — ''Les 
champignons endotrophes appartiennent k une m^me groupe dont 
les subdivisions correspondent aux diff6rentes series de mycorhizes.'' 

The success attained by a French botanist, NoM Bernard (1903, 
1904), in isolating the endophytes of Cattleya and other Orchids 
encouraged Gallaud to make similar efforts on other plants. The 
fungi subsequently isolated by him, e.g. species of Fusarium, 
Mortierella, AUernaria, Cephalosporium, etc., etc., were correctly 
regarded as members of the epiphytic fungus flora of the roots. The 
true endophytes defied his efforts, and he concluded that the intra- 
cdluiar digestion suffered by the mycelium had impaired its power 
of active growth- His attempts to determine the taxonomic position 
of the endophytes by inoculation of known forms into seedlings raised' 
under aseptic conditions were equally unsuccessful. 

To the solution of the main problem — the biological relation of 
fungus and host in mycorrhiza — Gallaud's researches contributed 
little or nothing. Despite the quasi parasitic distribution of the 
intracellular mycelium and his recognition that its harmlessness 
depended chiefly upon the digestive activity of the root-cells — ^he 
anticipated Bernard by comparing these cells with the phagocytes 
of the animal body — ^he concluded, in the light of his own observa- 
tions, that '"pour les mycorhizes d'ordre infdrieur que j'ai rangdes 
dans les series de Y Arum y du Paris et des H6patiques, il ne saurait 
y avoir de symbiose harmonique entre la plant e et le champignon. 
Ce dernier est simplement un saprophyte d'ordre spdcial, saprophyte 
interne dans les racines, oU le pouvoir digestif des cellules y sans entraver 
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son dheloppementj emphhe quit ne leur cause des dommages im- 
portants” And elsewhere — '"On ne pent done dire quhl y a symbiose 
harmonique entre les deux plantes mais bien plutbt luUe entre le 
champignon envahissant, maispeu nocif, et les cellules qui se d6fendent 
grace k leur puissance digestive” 

Gallaud's researches followed the conventional lines of investiga- 
tion laid down by earlier workers. In certain respects, however, his 
work on mycorrhiza marks the beginning of a new period. More 
especially in relation to the identification of the endophytic fungi 
was a changed point of view noticeable: the need for experimental 
verification was noted, and the absence of any satisfactory proof 
of the identity of the fungi isolated was frankly admitted. In respect 
also to the biological relation between vascular plant and fungus, 
GaUaud showed a disinclination to accept traditional h3q)otheses, 
and his own views indicated the necessity for experimental investiga- 
tion of a more critical kind than had hitherto been bestowed upon 
mycorrhiza problems. 

Although published in 1905, GaUaud's memoir had appeared 
earlier in the form of a thesis and it is due to this fact that he left 
unnoticed a paper published at the end of 1904 (Bernard, 1904 a) 
that was destined to bring about a profound change of opinion with 
regard to the biology of Orchid mycorrhiza. 

Two years earlier, in 1902, there had appeared a paper on 
tuberisation by a French botanist, Noel Bernard, followed in 1903 
and 1904 by other communications giving an account of the author's 
researches on Orchid mycorrhiza. Publication of these papers marks 
the beginning of a new and fruitful period of investigation on 
mycorrhiza. In the first, Bernard recorded the isolation of members 
of the genus Fusarium from the roots of various Orchids, believing 
at that stage of his work that these were the true endophytes. He 
recorded also the new and remarkable observation that the presence 
of the endophytic fungi was essential for successful germination of 
the seeds of various Orchids, and directly related the tuberous habit 
of the young Orchid embryo with infection by the specific root 
fungus at germination. He applied the knowledge gained experi- 
mentally to explain the development of the tuberous habit in other 
Orchids, in Ranunculus ficaria and in Potato, and elaborated an 
entirely original theory of tuberisation which will be considered at 
greater length in a later chapter. Bernard's classical researches on 
the mycorrhiza of Orchids will now be considered in detail. 
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>rchidaceae : Bernard's discovery of the obligate relation in Orchids; 
le pathogenic theory of infection — Bnrgefi — Recent researches on the 
ermination of Orchid seeds: Knudson; Bnltel; Woljff — ^The obligate 
daracter of infection: Constantin and Bufour; Huber — ^The symbiotic 
nd asymbiotic methods of germination and their practical applications. 

Noel Bernard's experimental studies initiated the modem period 
f experimental enquiry and mark an epoch in the history of 
esearch on mycorrhiza. He approached the subject with a point 
if view essentially different from that of his predecessors, and, 
Most at once, reached conclusions respecting the biological relation 
)etween fungus and host plant so novel and stimulating that they 
Hummed the subject as a whole and produced a profound effect 
ipon the point of view of subsequent investigators. 

To Bernard, the root fungi of the Orchids were parasites, at- j 
lacking the embryo plantlet at the earliest stage of growth and i 
persisting in the adult as a chronic — although relatively benign — 
condition of disease. He regarded the Orchids — “comme les plantes ’ 
itteintes d'une maladie parasitaire chronique qui commence k la 
germination et persiste en g^n^ral jusqu'k T^tat adulte; maladie 
p6nigne en un certain sens, puisqu'elle n'empfiche pas la vie, mais 
^ui ne constitue pas moins une tare physiologique des Orchid^es en 
g6n6ral, une condition de nature k faire comprendre quelques-unes 
des anomalies de ces plantes qui passent pour singuli^re aux yeux 
m§mes d'observateurs peu initios k la Biologic v^g6tale." (Bernard, 
1904 a) 

Bernard's earlier observations were made upon the germination 
of seeds of Neottia and other Orchids, and dealt also with the possi- 
bility of correlation between the modes of development of different 
species and their infestation by the fungal endophytes. A study 
of the Ophrydeae from this point of view focussed his attention 
upon the periodicity of tuber-formation in members of this group 
and its relation to fungal infection of their roots, whence he was led 
to speculate upon the physiology of tuber-formation in general and 
to put forward and, subsequently, elaborate an hypothesis to 
explain the phenomena of tuberisation (Bernard, 1899, 1900 
1902 a, by c, 1903). 
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This theory, together with its later developments, is dealt with 
fully elsewhere in the present work, so leaving the way clear for an 
account of the experimental researches on Orchids and a critical 
review of the theories based upon them. 

As is well known, the seeds of Orchids are extremely small and 
light and are produced in immense numbers. Darwin (1862) had 
estimated the number of seeds in a single capsule of some of the 
common British species at over six thousand and this number is 
known to be greatly exceeded in some of the tropical species. 

At the beginning of the nineteenth century it was commonly 
^ believed that they were incapable of germination. Salisbury (1804) 
was the first to announce that he had observed germination, and 
he figured the seedlings of Orchis morio and Limodorum verecundum. 
The seeds are of very simple structure, each consisting of a small 
group of similar cells enclosed by a thin reticulate seed-coat (Figs. 14, 
18). In certain genera the cells are larger at the suspensor end of the 
seed; otherwise there is no differentiation of tissue and no distinction 
into root and shoot such as exists in the embryos of most plants. 
If removed from the capsule and sown on an ordinary moist sub- 
stratum away from the parent plant or other Orchids, their behaviour 
varies with tlie genus of Orchid. Seeds of Epidendrum, for example, 
undergo practically no change; those of some other genera, e.g. 
Odontoglossuniy increase slightly in size and develop chlorophyll; 
those of Cattleya may continue to grow for several months, forming 
a minute green tuberous structure with rudimentary hairs — the 
primary tubercle or '‘protocorm,” while in rare cases, as shown by 
Bernard for the genus Bleiillay the seedling may develop a slender 
stem with foliage leaves. In all cases, if supplied only with the 
formal conditions for germination, at a critical stage of development 
varying with the genus of Orchid, growth comes to an end and the 
seedlings perish. (PL II, Figs. 18, 19, 20, 21.) 

Bernard's early experience had brought him into touch with the 
difficulties encountered by practical Orchid growers, many of whom 
had devised empirical methods to facilitate the successful raising of 
Orchids from seeds. For example, sowings made upon moss laid 
upon the pans containing the parent plants, special attention being 
paid also to conditions such as temperature and moisture. In spite 
of every precaution suggested by practical experience, the raising 
of Orchids from seed continued to be a somewhat precarious adven- 
ture, leaving growers quite in the dark as to the real nature of the 
critical factors which controlled germination. Practical experience 



Orchidaceae 


65 

had shown also that the difficulty of raising seedlings varied greatly ^ 
with the genus and species of Orchid. Seeds of Cattleya and Cy-pri - ' 
pedium, for example, were relatively easy to germinate successfully, 
while those of Odontoglossum, Phalmnopsis and Vanda presented; 
the greatest difficulty. The irregularities of behaviour observed in 
horticultural practice were confirmed by Bernard's earlier experi- 
ments, which, moreover, failed to provide any consistent explanation 
of the inconstant results obtained. He noted, however, that the 
methods of cultivation used in the greenhouses of successful growers 
must involve the presence of the root fungi in the soil about the roots 
and eventually their acclimatisation in the plant houses. Hence, 
he argued, an explanation of the fact that germination of seed, at 
one time believed to be impossible, had been made practicable by 
modern conditions of culture, and a justification of the popular 
method of sowing seed in close proximity to the parent plants. The 
fact that he had failed to secure, under aseptic conditions, germina- 
tion of seeds of various Orchids commonly raised by growers, in 
conjunction with the nature of the successful methods adopted by 
the latter, had indeed convinced Bernard that the presence of the 
endophytic mycelium was essential for successful germination, and 
it became his immediate concern to obtain experimental support 
for this view. 

In the first comprehensive account of his work, published in 1904, 
his objectives were stated as follows; 

1. To germinate Orchid seeds under strictly aseptic conditions 
on sterilised media suitable for the cultivation of the plants. 

2. To isolate and identify the endophytic fungi in pure cultures. 

3. To compare the behaviour of infected and uninfected seeds 
for each species of Orchid. 

Aseptic seeds were obtained by careful selection of ripe capsules 
before dehiscence, external sterilisation of the fruits by means of 
formalin, and transference of the seeds with aseptic precautions to 
tubes containing gelatine slopes of a decoction of salep^. 

The record of Bernard’s first successful attempts to isolate and 
establish the identity of the Orchid endophytes has historical interest 
and merits a brief description. The first was made with seeds of a 
hybrid Cattleya removed asepticaUy from a ripe fruit and placed to 
germinate, some under aseptic conditions in the laboratory, the 
remainder in the greenhouse of a professional grower as in ordinary 

The “salep” of commerce is obtained by reducing to powder the dried 
tubers of various oriental species of Ophrydeae. 
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horticultural practice. Two months later the aseptic seed cultures 
were almost unchanged, while those in the greenhouse were ger- 
minating and the seedlings showed active fungal infection of the 
suspensor region. Some of the infected seedlings were transferred 
to tubes of gelatine media and gave a mixed growth of mycelium, 
the fungi responsible for which were individually isolated, and tested 
by inoculation into the aseptic seed cultures. One of the forms thus 
secured at once provoked germination of a normal and regular kind 
and was observed to cause characteristic fungus infection, thus 
providing the necessary proof of its identity with the endophyte. 

For the second attempt the fruit of a hybrid Cypripedium was 
available. In this case the endophyte was isolated, not from seedlings, 
but from fragments of the root of one of the parents (C. insigne), 
the fungal growth from which yielded a form identical morphologically 
with that obtained from Cattleya, and correspondingly effective in 
provoking the germination of asepticaUy sown seeds of Cypripedium. 
On the other hand, attempts to establish the identity of a fungus 
isolated from the roots of Spiranthes autumnalis by inoculation into 
seed cultures of the same species were not successful, thus indicating 
! that the presence of the specific endophyte was not the only critical 
I factor in successful germination. 

Bernard was impressed by the difficulty he experienced in 
isolating the true endophytes from pieces of heavily infected tissues, 
attributing the relative infrequency of mycelial growth from within 
to the efficiency of the intracellular digesting mechanism — '"en 
g6n6ral T endophyte n'est en voie de croissance active que dans un 
petit nombre de cellules aux limites des rdgions infect6es. ...” 

The two successful isolations just described are notable as the 
first in which the identity of a root-fungus was definitely proved by 
inoculation into seedlings raised under aseptic conditions. They are 
also of interest as the first experiments providing proof of a definite 
physiological relation between the endophytes and their vascular 
hosts, a relation predicted by Bernard in an earlier paper published 
in 1902. 

The fungi isolated from Cattleya and Cypripedium formed spore- 
like structures freely in culture and were referred provisionally to 
the genus Oospora, Bernard's earlier attribution of the Orchid 
endophytes to the genus Fusarium being withdrawn as an error 
of observation due to the prevalence of the members of the latter 
genus in the epiphytic flora of the roots, and the relatively slight 
activity of the true endophyte in isolation cultures. 
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The behaviour of seeds of Cy^ripedium under controlled con- 
ditions in the presence of the endophyte was described by Bernard 
as follows. 

Germination was initiated by penetration of the large cells of 
the suspensor end of the seed, whence the mycelium spread from 
cell to cell of the middle and outer parts of the embryo which in- 
creased rapidly in size and ruptured the seed-coat. At this stage 
the embryo of Cypripedium resembled that of Neottia in respect 
• to the precocious appearance of abundant starch in the tissues, the 
lack of chlorophyll and the absence of root-hairs. Within the inner 
zone of infected tissue, the cells soon showed the cytological features 
characteristic of digestive activity, i.e. clumping of the hyphae, 
hypertrophy of the nuclei, and the eventual appearance of a struc- 
tureless mass of mycelial residues. In the outer zone of tissue, the 
mycelium continued to invade fresh cells. With the spread of 
infection, starch disappeared from the invaded cells, and a terminal 
meristem, separated from the infected region by a zone of active 
growth, was formed. 

A second stage in development was characterised by the forma- 
tion of chlorophyll and development of root-hairs involving a sharper 
delimitation of the infected area. The growing axis remained immune 
from attack, the mycelium underwent digestion in all the cells of 
the primary tubercle, and the zone of active infection became 
restricted to a region between the original point of infection and the 
apical meristem. The close of this period in seedlings about four 
months old was marked by the production of the first root. It is 
of interest to note that the young roots suffered infection, not from 
the mycelium-filled cells of the primary tubercle, but directly from 
the soil after emergence. The final stage of germination was marked 
by a shrinkage of the infected area and elongation of the axis with 
the formation of leaves and roots, following upon which the seedling 
took on the appearance and structure of the adult plant. 

When cultured with their respective endophytes, the seeds of 
various other Orchid genera behaved in a manner more or less similar 
to that just described for Cypnpedmm (Fig. 14). Those of Bletilla 
hyacinthina, an Orchid nearly related to Cattleya, responded very 
differently. The embryo of this species at first enjoyed almost com- 
plete immunity from infection and in aseptic culture developed 
independently to a small plantlet consisting of a slender axis with 
absorbing hairs and a few green leaves. There ensued a critical stage 
during which immunity disappeared and, subject to infection by the 
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Fig. 14 . Seed and Seedlings of Odontoglossum hybrids: i, median longitudinal 
section of ripe seed showing seed-coat, embryo and remains of suspcnsor , 
2, medianlongitudinalsection of embryo four months after sowing, without 
fungus: 3, median longitudinal section of seedling, one month after in- 
fection by Rhizoctonia lanuginosa, s, stoma, p, absorbing hairs, p , cells 
divided tangentially, from outer of which absorbing hairs will develop; 
4 3 months^ seedling; 5, 5 months’ seedling; 6, 7 months seedling, 
7 8, 0, median longitudinal sections through seedlings of various ages to 
show extent of infected region in each case (infected tissue shaded), 
f From Bernard. Ann. d. Sc. Nat. Bot., 1909,) 
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appropriate fungus, development proceeded normally. Failing such 
infection, growth came to an end. 

Bernard's observations on the cytology of digestion in the 
embryos and roots of Orchids agreed with those of Magnus and 
Shibata, but his interpretation of the significance of the changes 
which took place differed remarkably from that of these observers. 
Sooner or later, the cytoplasm and skeins of mycehum in the 
Verdauungszellen" became reduced to amorphous masses of de- 
generating material enveloping the nuclei. The nuclear changes 
accompanying this process, regarded by Magnus and his followers 
as signs of increased activity, were interpreted by Bernard as signs 
of degeneration. According to the latter, the infected cells formed, 
at this stage, a dead tissue: — *'Dans la lutte entre le parasite et la 
cellule qu'il envahit, les deux adversaires ont fini par succomber" 1 

To summarise briefly the important facts put on record by 
Bernard in these earlier observations. 

Fungal species of similar morphological character were isolated 
from Orchids belonging to the genera Cypripedium, Cattleya and 
Spiranthes, Seeds of species of Cypripedium, Cattleya, Laelia, 
Brassavola, and Bletia, sown under strictly aseptic conditions, gave 
normal germination, the seedlings showing typical infection when 
mycelium of one or other of the endophytes was added to the cultures. 
Normal growth and development of the seedlings followed upon 
invasion of certain tissues of the embryos ; in the absence of infection, 
either the seeds did not develop at all, or they did so very im- 
perfectly. 

The cases observed were grouped by Bernard in three categories. 
In the first was placed the genus Cypripedium, the seeds of which 
did not develop at all under aseptic conditions; in the second, 
Cattleya, seeds of which survived for several months in the absence 
of infection, increased considerably in size, showing a certain degree 
of tissue differentiation, but, lacldng infection, developed no further; 
finally, there was the interesting case of Bletilla hyacinthina, a species 
with relatively highly differentiated seeds, representing, in Bernard's 
view, a condition rare among Orchids. From this preliminary work 
it was concluded that the effect of infection was to stimulate growth, 
the stimulating effect being invariably manifested in cells remote 
from the point of infection. 

Subsequent observations have shown that, while in experimental 
cultures the addition of the appropriate mycelium may be delayed 
until the critical stage in development, under natural conditions 
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infection of the embryo probably takes place much earlier (Fig. 19). 
In a majority of Orchids, the spread of infection in the embryo is 
strictly localised, the apical meristem remaining immune to invasion, 
and the roots showing complete freedom from fungal infection until 
they reach the soil (Figs. 19, 20, 21). A similar temporary immunity is 
enjoyed by the annual roots of the tuber-forming terrestrial Orchids, 
e.g. members of the Ophrydeae. In Neottia, the non-chlorophyllous 
habit is associated with heavier infection; mycelium is more profusely 
distributed in the embryo and becomes continuous throughout the 
vegetative tissues of the mature plant. Bernard found seeds of Neottia 
germinating in nature and observed that ''elles 6taient toutes plus 
largement infestees encore que les germinations d'0rchid6es que 
j'ai vues dans les serres,'" Fie made also the interesting observation 
that the inflorescences of Neottia were sometimes unable to pierce 
through the overlying humus in which the plant grows. Under such 
circumstances mycelium spread from the rhizome through the tissues 
of the inflorescence axis and infected the seeds as they germinated 
in situ. 

The isolation of a number of fresh endophytes, with continued 
study of their characters and relations with different Orchid species, 
together with the publication of his results, occupied Bernard during 
the years 1904-1906 (Bernard 1904 6, 1905, 1906). 

He obtained experimental demonstration of the existence and 
maintenance of a remarkable reciprocal balance between fungus and 
Orchid plant. Using seeds of the same Orchid species and mycelium 
from the endophytes of three different genera, including the parent 
species, evidence of a surprising degree of specificity on the part of 
the latter was obtained as follows. 

Germinating seeds of a species of Phalaenopsis were inoculated 
from pure cultures of the fungi isolated from Caitleya, Phalaenopsis 
and Odontoglossum respectively. 

In the case of the first the mycelium invaded the seed tissues, 
no intracellular digestion was observed, and the mycelium parasitised 
and killed the seed without effecting germination. With the fungus 
from Phalaenopsis, infection took place in the usual way, and was 
kept within bounds by the digestive activity of the cells of the 
embryo; normal germination of the type described for Cypripedium 
followed upon infection. Using the fungus from Odontoglossum, the 
intracellular digestion subsequent to infection was excessive, and 
germination stopped short at a stage marked by the development 
of root-hairs from the rudimentary axis. 
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Interpreting these facts in terms of his own theory of infection 
as a pathogenic condition of relatively slight importance to the 
Orchid plant, Bernard observed: ''a un point de vue theorique, 
il r^sulte de ces constatations que Tetat dit desymbiose estenquelque 
sorte un etat de maladie grave et prolongee, intermediaire entre 
r6tat des plantes atteintes d'une maladie rapidement mortelle et 
celui des plantes qui jouissent d'une immunite complete." 

During the same period he perfected a refined and beautiful 
technique for isolation of the endophytes by direct removal of a 
young mycelial complex of hyphae from cell to culture dish, thus 
eliminating the tedious and unsatisfactory procedure involved by 
isolation of the endophytic mycelium from a mixed growth of fungi 
associated with the outside of the roots (Bernard, 1909 a). He learned 
also that the endophytes of different Orchids exhibited a well-marked 
specificity in relation to their individual hosts and further, that the 
application of his experimental knowledge to the practical problems 
of Orchid raising was not without its special pitfalls. 

' Bernard alluded to these difficulties in an address delivered 
during an International Horticultural Exhibition at Ghent (Bernard, 
1908). Three years previously, he had, by request, supplied certain 
French Orchid growers with old cultures of the endophytes from 
Cattleya and Cypripedium, The use of this mycelium for inoculation 
into seed cultures was unsuccessful and gave lamentable results, an 
observation confirmed by Bernard himself in the laboratory. The 
reason for this unexpected failure he believed to be due to the use 
of fungus cultures, which, by long cultivation outside their respective 
hosts, had lost their power of inducing germination : they were com- 
pared directly with the '"attenuated strains” of pathogenic bacteria 
used by Pasteur in the preparation of curative vaccines. Bernard 
proceeded to confirm this view experimentally by similar methods 
to those used by bacteriologists, i.e. by re-cultivation of the "at- 
tenuated forms” within their specific host plants, and obtained 
results which led to the belief that complete restoration of the 
stimulating effect upon germination depended upon the duration of 
this ""restorative” period in relation to the degree of attenuation 
existing in the first instance. 

In the same address, it was suggested that the addition of frag- 
ments of the parent roots to the seed bed might faciliate germination 
under horticultural conditions, the attention of his audience being 
drawn to the importance of selecting roots containing active my- 
celium. 
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Bernard realised that the full fruits of his discovery could only 
be made available to practical growers by the provision of a specially 
equipped laboratory, with a constant supply of infected seed cultures 
in full development upon which to draw for suitable strains of the 
fungus. In the address just mentioned he observed: ^'J'ai la con- 
viction profonde que les laboratoires horticoles existiront un jour, 
mais la symbiose de la science pure et d'horticulture pratique est 
trop encore dans Fenfance pour que leur utilite shmpose aux esprits.'' 

As he extended his acquaintance with the Orchid endophytes, 
he modified his earlier views respecting their systematic position. 
Finally, in view of the marked resemblance of the mycelium to that 
of Rhizoctonia violacea, a fungus common on Potato, he placed them 
definitely in the genus Rhizoctonia. Although impressed by the 
general similarity of all the forms extracted — “ ces champignons sont 
moins varies que les plantes desquelles ils proviennent '' — ^he gave 
specific rank to three forms difieringin respect to habit and minor mor- 
phological details; namely, Rhizoctonia repens isolated from Laelio- 
Cattleya, Cypripedium and a number of other genera; Rhizoctonia 
mucorotdes, from Phalaenopsis and Vanda ; and Rhizoctonia lanuginosa 
from one species of Odontoglossum. The forms included under Rhizo- 
ctonia repens were obtained from many common European Orchids, 
and proved also to be relatively the most abundant in cultivated 
species. It may be inferred, therefore, that these fungi have a very 
wide geographical distribution in nature. All the endophytes doubt- 
less occur in the soil or detritus about the roots of Orchids, but 
there is at present no exact information as to the occurrence of 
fungi belonging to the Rhizoctonia group in soil. 

The- mycelium of the endophytes showed a characteristic mode 
of growth within the tissues, spreading from cell to cell and forming 
in each a tangled skein of twisted filaments. In Bernardos cultures, 
a similar tendency to form skeins or ''pelotons” was observable, but 
the habit was not regarded as specially characteristic since it had 
been observed also in other members of the Mucedineae, the group 
in which Rhizoctonia was included. 

When associated with the Orchid plants, spores or other repro- 
ductive structures were not produced by these endophytic fungi, but 
in old cultures the mycelium gave rise to filaments of short segments 
resembling conidia, and in certain forms these branched hyphae 
anastomosed to form small yellow or brownish sclerotia, the pro- 
duction of which is characteristic of the genus Rhizoctonia as of 
many other fungi (Fig. 15). 
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A few words may be added to the accounts already given de- 
scribing infection in the roots and rhizomes of Orchids. In general, 
the distribution of mycelium is constant for any one species, but 
varies in different genera. Hyphae usually enter through the root- 
hairs but may invade cells of the piliferous layer directly. They pass 
through the '"passage cells'' of the exodermis, when this layer is 
present, and traverse the outer tissues of the cortex in a more or less 
radial direction — ^in one species, Lecanorchis javanica, Janse described 
the infecting hyphae as fusing to form a flat mycelial ribbon — and 
eventually give rise to a zone of typical infection by the formation 



Fig, 15. RMzoctonia fepens: mycelium from pure culture. Note cliams of 
conidia-like segments and "pelotons.” (From Bernard, Ann. d. Sc. Nat. 
JBot.j 1909.) 


of the characteristic skeins or "pelotons" within the cells. The exact 
position and extent of this infected tissue vary in different genera; 
in some it is restricted to two or three layers of cells in the middle 
region of the cortex, in others it occupies almost the whole of the 
cortical tissue. As infection is localised in the embryo, so in roots and 
elsewhere it is restricted to the cortex and is absent from meristematic 
tissues and from those of the vascular cylinder enclosed by the endo- 
dermis. In some cases mycelium is confined to localised areas of the 
root, and occasionally roots may be found entirely free from mycelium, 
especially in certain genera. Like other chlorophyll-containing 
organs, aerial roots are usually immune to infection but they may 



74 Mycorrhiza 

suffer invasion if in contact with the soil and lacking chlorophyll 
In the case of individual cells, immunity is indicated, not only by the 
possession of chlorophyll but also by the presence of special contents 
— raphides and other crystals, tannin and the like. 

The rhizomes of non-chlorophyllous species and of certain green 
forms show a distribution of mycelium similar to that in roots, and, 
in general, the tissues of these plants are subject to heavier infection. 

Intracellular mycelium in the active condition can best be 
observed in the tissues nearest to the growing regions; in older parts 
a majority of infected cells show the mycelium in the ^'clumped'' 
condition or in various stages of disintegration. As already noted, 
Magnus described a differentiation of infected cells as '' Verdauungs- 
zellen '' (digesting cells) in which the hyphae were destroyed by the 
digestive activity of the host cells, and “ Pilzwirthzellen '' (host cells) 
in which they persisted, retaining their vitality throughout the resting 
period and serving as centres for re-infection when vegetative activity 
was resumed (PL III, Figs. 22, 23). Magnus attached great importance 
to this differentiation and to the arrangement in space of the two 
kinds of cells in NeoUia, and even suggested the possibility of a 
classification of Orchids based upon these characters. 

Subsequent work has rendered it difficult to maintain the belief 
that such a regular arrangement exists, even in NeoUia, and has 
proved that “host cells” are not present in many genera of Orchids, 
all those infected being subject to eventual digestion. It is probably 
safe to assume that the characters shown by the mycelium in the 
so-called “host cells” represent a relatively early stage of infection 
preceding the onset of digestive activity. 

Certain isolated observations of physiological interest were re- 
corded by Bernard. One related to the marked ability of the endo- 
phyte to digest cellulose, another, made several years later, to the 
fungicidal action exerted by tissue extracts of the tubers of members 
of the Ophrydeae, these organs of the plants being ordinarily im- 
mune to infection (see p. 78). 

Of still greater interest was the observation that the stimulus 
to germination normally provided by the endophytes could be re- 
placed by raising the concentration of organic substances in the 
substratum used for aseptic seed cultures, i.e. as pointed out by 
Bernard, by a procedure directly comparable with that known to 
provoke the development of virgin eggs : “ Fraction des champignons 
sur les embryons d'Orchiddes pent sans doute 6tre comparde k 
Taction des spermatozoides sur les oeufs” (Bernard, 1909 b). 
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These experimental researches on Orchids not only yielded a rich 
harvest of new and proved facts, but they drew attention to the 
necessity and value of exact experimental methods in this field of 
work, and brought the technique of the bacteriologist to the service 
of the worker at mycorrhiza problems. 

As experimental data accumulated, the biological aspects of the 
symbiotic relation in Orchids and their relation with the phenomena 
of parasitism, immunity, and pathogenic infection tended more and 
more to monopolise Bernard's attention. In his most comprehensive 
work, L Involution dans la Symbiose (1909 a), he elaborated his theory 
of pathogenic infection, illustrating and supporting his argument 
by reference to his own experimental results. Another paper dealing 
with the phenomena of immunity in relation to S5nnbiosis was 
published in the same year (1909 6). 

Space does not permit of more than a brief reference to the many 
interesting facts and reflections brought together in these papers, 
in which the author sought more especially to study the evolution 
of the symbiotic habit in plants, and the conditions regulating the 
'‘balance of power" between the constituent organisms. 

Reviewing the remarkable phenomena of development subsequent 
to seed infection and noting the obligate character of the association 
in Orchids, he expressed the opinion that the mutual adaptation of 
Orchid plant and fungus was a phenomenon linked up with that of 
the origin of species. Comparative study of the developmental 
behaviour of different species suggested that the direct ancestors of 
Orchids were herbaceous perennials with normal germination, the 
formation of an embryonic tubercle — “protocorme" — ^having been 
acquired as a direct consequence of fungal infection. Incidentally, 
Bernard attached great theoretical importance to the formation of 
this embryonic structure, in view of its resemblance to the juvenile 
stage of species of Lycopodium and other Pteridophytes. 

On the other hand, he held that the relation of germination to 
fungal infection was not a consequence peculiar to the latter, but 
could be produced with equal efficacy by the action of concentrated 
organic solutions. His own experiments had shown — and in view 
of modem work upon non-S5nnbiotic germination of Orchids it is 
worth recalling this — that it was easier and more certain, under 
experimental conditions, to effect the germination of certain Orchids 
by the action of concentrated organic solutions than by that of the 
specific endophytes, of which it was often difficult to secure strains 
in a sufficiently active condition. 
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Discussing the significance of symbiosis in relation to the evolu- 
tionary history of Orchids, Bernard emphasised the comparative 
ease with which certain species could be raised from seed by asym- 
biotic methods: ''il a 6t«§ relativement facile de faire germer les 
Orchid(§es sans champignon, et il semble bien qu'il faudrait seulement 
du temps et quelques soins pour prolonger leur culture dans ces 
conditions'' (Bernard, 1909 a). 

Whatever might have been the significance of symbiosis in the 
evolutionary history of plants other than Orchids, it was held by 
Bernard that the habit had played an important part in that of the 
latter group. The exceptional features shown by Bletilla hyacinthina 
and its near relatives he regarded as rarely preserved characters, 
representing the nearest approach to the ancestral condition and 
the starting point of an evolutionary series among living Orchids, 
of which the last terms were represented by Cypripedium and similar 
types in which the earliest stages of development had become 
directly dependent upon the nutritive stimulus ordinarily supplied 
by symbiosis with the appropriate endophyte. In his view, the 
Orchids represented a remarkable case of adaptation to parasitic 
invasion, their survival as a group pointing to the possible dis- 
appearance of other forms, both plant and animal, which had suc- 
cumbed to similar attack. 

Bernard's later researches were carried out at the Pasteur 
Institute, a circumstance possibly not entirely unconnected with 
the fact that he became more and more impressed by the close 
analogy between symbiotic phenomena and those revealed by the 
work of Pasteur and Metchnikoff on pathogenic infection: ''Dans 
une 6tude de la symbiose les experiences de Pasteur doivent servir 
k dclairer les theories de Lamarck et de Darwin" (Bernard, 1909 a). 
To him the relationship in Orchids represented a condition on the 
threshold of disease offering an exceptional opportunity for the 
study of vegetable pathology. The digesting cells of the roots and 
embryos were directly comparable with the phagocytes of the animal 
body, and the process of digestion with a phagocytosis which con- 
stituted the chief weapon of the Orchid plant against parasitic 
invasion of its tissues. 

The views expressed by Frank, Shibata and others, who had seen 
in the phenomena of digestion in the root-cells a mechanism by which 
mycorrhiza plants obtained a supply of nitrogenous food material 
from their invaders, were not acceptable to Bernard, This "curious 
hypothesis," as he described it, was not in his view supported by the 
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observed facts, and was indeed improbable in view of the reactions 
shown by the cells of Orchid embryos to infection, whether in a 
condition of balanced s5nnbiosis with the appropriate fungus, or, 
when suffering damage from invasion by a too virulent strain from 
another species of Orchid. The formation of special haustorial 
branches or "'arbuscules'* by many endotrophic fungi and the 
conversion of these into structureless ‘'sporangioles*' was held to 
point to a similar conclusion. 

Comparison with the mechanism of resistance and immunity in 
animals was pressed to its limits by Bernard. For example, he 
claimed that seed cultures inoculated by a strain of Rhizoctonia 
too weak to effect germination, became incapable of development 
when subjected to the action of a suitable strain — they had been 
vaccinated'" and so rendered immune to the action of the more 
''virulent" form — a strange reversal of the result desired in ordinary 
vaccination 1 

The obligate condition in Orchids was held to be associated directly 
with a secondary effect of infection, viz. a rise in the concentration 
of the cell sap — ^in his view, equally well brought about under 
experimental conditions by chemical means: — "Le phenomene de 
croissance est la manifestation visible de transformation du contenu 
de la cellule ayant pour r^sultat d'augmenter la quantity absolue 
de substances dissoutes dans le sue cellulaire" (Bernard, 1904 a). 
While he admitted the possibility of autonomous existence for certain 
species in the adult state, Bernard knew of no case of Orchid germi- 
nation lacking fungus infection in nature or horticultural practice, 
although such had been observed experimentally. 

Discussing the possible existence of species immune to infection 
in the adult state, he recalled Frank's observations claiming im- 
munity for roots of Epipactis latifolia and Listera ovata, the view of 
Johow respecting Wullschlaegelia and that of MacDougal for Cephal- 
anthera oregana. A similar temporary freedom from infection in 
mycotrophic plants other than Orchids had been noted by himself 
in Psilotum triquetrum ^ and by Gallaud (1905) in Ranunculus ficaria 
and Arum maculatum. In none of these cases, it was pointed out, 
had any experimental evidence been offered that germination and 
development could take place independently of infection. From his 
own observations on Epipactis, he thought it unlikely that such would 
be forthcoming. Of interest in the same connection may be noted 
again the partial and intermittent immunity shown by a majority 
of Orchids, as exemplified by the complete freedom from infection 
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of certain tissues, e.g, meristems, chlorophylious cells and the tissues 
of the vascular cylinders, and by the progressive localisation of 
infection in the tissues of germinating embryos. Moreover, in some 
species, e.g, NeoUia, fungal infection was found to be extensive and 
continuous throughout life ; in others, e.g. members of the Ophrydeae, 
it was periodic and intermittent, the roots of each season's growth 
being newly infected from the soil after emergence. Bernard was 
concerned to find a physiological interpretation of these facts and, 
in a posthumous paper, described the fungicidal effects observed in 
the tuber tissues of members of the Ophrydeae (Bernard, 1911 5 ). 

His early observations on this group of Orchids had shown that 
the tubers were immune from infection. Experimentally, it was 
found that small pieces of tissue, removed aseptically from a living 
tuber and imbedded in culture vessels of gelatine nutrient inoculated 
with one or other of the endophytes, caused arrest of growth and 
death of the protoplasm, as the mycelium came within range of sub- 
stances diffusing from the fragments of tuber tissue. The fungicidal 
effect was produced only by living tissue, the lethal substance being 
destroyed by temperatures above 55° C. Extending these observa- 
tions, he reached the conclusion that there was produced, in tubers 
of the Ophrydeae, a fungicidal substance, easily diffusible and 
readily destroyed by heating, the action of which was specific upon 
the endophytes and varied with the forms extracted from different 
species ot Orchid. 

Bernard's results have since been confirmed by Nob^court (1923) 
and by Magrou (1924 h). The former found that the action of the 
tuber was inhibited, not only by heating, but also by chloroform and 
by cooling to 15° C. He believed that the fungicidal substance was a 
secondary product formed by the interaction of toxins from the 
mycelium with substances diffusing from the tuber tissue. Bernard 
had. been prepared to regard the effect as due to an ''antibody" 
secreted by the intact tuber under the influence of an "antigen" 
diffusing from the mycelium present in the roots. Magrou's recent 
experiments afford confirmation of the latter view by showing that 
diffusion from the fragment of tuber, before inoculation by the 
fungus, is sufficient to render the gelatine medium toxic to mycelial 
growth. 

Noel Bernard's brilliant researches were brought to a premature 
end by his untimely death in 1911. He had initiated a new line of 
experimental investigation and made it peculiarly his own. Already, 
in one short decade, he had changed the whole aspect of the mycor- 
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rhiza problem, bringing it into touch, on the one side with the 
physiology of parasitism and pathogenic infection, and, on the other, 
with the difficulties experienced by practical horticulturists. The 
knowledge acquired by experiment in the laboratory was placed 
at the service of Orchid growers and, in the hands of some of them, 
has since proved to be of great practical value. He left to his col- 
leagues and successors the task of completing his work; in particular, 
of providing the requisite experimental support for his novel and 
stimulating theory of tuberisation. 

His researches had already given an impetus to research on 
mycorrhiza, and the success of his experimental work on Orchids 
was doubtless indirectly responsible for the publication of a mono- 
graph entitled, Die Wurzelpilze der Orchideen, in which Burgeff 
(1909), a German worker, contributed an account of his own experi- 
ments, confirming many of Bernard's results and extending the latter's 
observations in certain directions. 

Burgeff expressed the view that the endophytes belonged to a 
single group of Fungi, the Orcheomycetes, for which he proposed 
the generic name Orcheomyces, without reference to the systematic 
affinities of the genus. He added to the list of root fungi already 
isolated by Bernard and classified the known forms in five groups, 
each including a number of forms to which he gave specific rank; 
he contributed also additional details as to the specificity of forms 
isolated from particular Orchid species. Devoting special attention 
to the physiology of the root fungi in pure culture, he put on record 
a number of new observations bearing on their metabolism, of which 
perhaps the most significant related to their inability to grow on sub- 
strata lacking combined nitrogen, and hence, to the absence of any 
positive evidence for the fixation of atmospheric nitrogen. In view 
of the recent researches of Wolff (1925) on the endophyte of Neottia, 
it is clear that this conclusion may require revision (see p. 92). 

Burgeff was unable to confirm Bernard's observation that the 
efficacy of the endophytes in respect to germination was impaired 
by prolonged cultivation outside their host plants, finding, on the 
contrary, that a culture 26 months old showed no decline of activity 
when used for the inoculation of aseptic seed cultures. He believed 
the activating effect of the mycelium upon development to be due 
to the production of enzymes which acted upon the carbohydrates 
present in the seed tissues and thus expedited germination. Bernard 
had related the stimulus following infection to a rise in concentration 
of the cell sap. On Burgeff's hypothesis, this would follow from an 



8o Mycorrhiza 

increased sugar content, due to the diastatic activity of hyphae 
in contact with the starch-containing cells of the embryo and roots, 
thus accounting also for the observed disappearance of starch from 
these tissues subsequent to infection. 

Burgeh was Stahl's assistant, and this monograph on the Orchid 
fungi was doubtless prompted in part by a desire to relate the new 
facts established by Bernard to the older theories of nutrition put 
forward by Stahl and others. On theoretical grounds he found him- 
self in general agreement with Stahl in respect to the existence of 
a symbiotic relation beneficial to the vascular plant. His researches 
have contributed many new facts respecting the physiology and 
nutrition of the Orchid endophytes in pure culture. 

To Kusano (1911), a Japanese observer, is due the recognition 
of an unusual and remarkable type of mycorrhiza in Gastroiia elata, 
a curious non-chlorophyllous Orchid from Japan. The species is 
described as widely distributed in Japan, occurring chiefly in woods 
of Quercus serrata and Q. glanduUfera, It had been mentioned earlier 
by Johow (1889) as a humus saprophyte with mycorrhiza, but, 
previous to the publication of Kusano's paper, nothing definite was 
known respecting either the type of mycorrhiza or the mode of 
nutrition. 

The plant appears above ground only in the flowering stage, the 
vegetative body consisting of a system of subterranean rhizomes 
and tubers bearing scale leaves. The large flowering tubers are 10 cm. 
to 17 cm. in length and give rise to lateral offsets in the form of small 
daughter tubers. At the end of May the flowering tuber produces an 
immense inflorescence a metre or more in height. Externally, the 
massive tubers are covered with a corky skin like that of a potato, 
enclosing a parenchymatous tissue with small centrally placed 
vascular strands. In the autumn, the parenchyma contains abundant 
carbohydrate reserves, the chemical nature of which was described 
in detail by the author. 

Kusano's interest in the plant was first aroused by observing the 
relatively small proportion of flowering tubers as compared with the 
number of offsets produced, and also by noting the freedom of the 
latter from any trace of fungus infection. Of mycorrhiza, in the 
strict sense, there was none, since the plant is rootless. 

The offsets showed no signs of fungus infection, but the flowering 
tubers were found to be invariably associated with the rhizomorphs 
of Armillana mellea, the Honey Agaric, This fungus, known to 
foresters in Europe as a most destructive parasite, was described 
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by Kusano as common on the older roots of the two species of Oak 
above mentioned where it was regarded as growing saprophytically 
without forming typical mycorrhiza in the younger roots. The 
matted strands of mycelium or rhizomorphs were common in the 
soil about the trees, frequently spreading to potato fields in the 
neighbourhood, in which case the fungus behaved as a true parasite, 
attacking and destroying the potato tubers. Infection of the 
Gastrodia tuber by the rhizomorph of the fungus was effected by 
haustorial branches which penetrated the corky covering and formed 
localised areas of infection, the whole relation showing a close 
superficial resemblance with that of a Cuscuta plant and its host. 
The infected area of the tuber showed three distinct regions differing 
in the structure of the cells and the character of the intracellular 
mycelium. The hyphae in the outer tissues remained unaltered : in 
the middle region they attacked and consumed the protoplasm and 
nuclei, passed through a stage that simulated ''clumping'' in the 
root cells of Orchids and subsequently underwent complete auto- 
digestion: in the inner tissues they were subjected to rapid digestion 
by the cells of the tuber. Remarkable cytological changes in the 
infected cells were described by Kusano. The cells of the inner region 
in particular showed signs of great metabolic activity, becoming 
filled with secondary food products. In the eaiiier stages of infection 
starch disappeared from all the infected cells, re-appearing in those 
of the inner region at the close of the period of active digestion. 

The association between tuber and fungus was apparently casual 
and took place only occasionally. When it occurred, a full-grown 
offset was formed which flowered the following spring, otherwise 
small daughter tubers were produced which dwindled without 
flowering (PL III, Figs. 27, 28). 

The relation in this species of Gastrodia is a very puzzling one. 
Subsequent to the formation of external cork, the tubers are unable 
to absorb liquids from the soil and apparently depend solely upon 
the chance of infection for a means of communication with the out- 
side world. It is not clear that the fungus can derive even a temporary 
benefit from the association although this is evidently of a parasitic 
nature in the first instance. On the other hand, the Gastrodia plant 
evidently profits, since the ability to form flowers and fruit depends 
directly upon invasion. It was suggested by Kusano that the Orchid 
plant has converted a parasitic attack by the rhizomorphs into a 
means whereby food materials are transferred from the Oaks or 
other plants to which the mycelium of the fungus is attached. If 
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SO, a remarkable case indeed of a vascular plant turning the tables 
upon one of the most destructive fungus parasites known ! 

There is as yet no information as to the behaviour of seeds of 
Gastrodia nor evidence of the existence of any relation with an 
endophyte of the Rhizoctonia type common to other Orchids. At 
present the case stands as an isolated and unique instance of a 
non-chlorophyllous vascular plant which depends upon a parasitic 
relation with a fungus for the completion of its reproductive cycle. 

The physiology of another species of Gastrodia^ G. sesamoides, 
has recently been studied by McLuckie (1924). This endemic 
Australian Orchid possesses a perennial rhizome with a few roots 
and colourless scale leaves. The flowering shoot develops from the 
apex of the rhizome and consists of a brown, slightly succulent axis 
up to eighteen inches in length bearing a few membranous scale- 
like leaves and a terminal inflorescence. 

The rhizome shows both fungal and bacterial infection. The 
former is limited to isolated groups of superficial cells whence hyphae 
extend outwards into the soil; the coarse non-septate mycelium is 
intracellular in distribution but is not digested by the host cells. 
Bacterial infection is profuse, affecting not only the tissues of the 
rhizome but also those of the roots and flowering shoot. In artificial 
cultures the bacteria were found to assimilate free nitrogen at the 
rate of 7*8 mg. of nitrogen per 100 c.c. of culture solution in 15 days. 

This species of Gastrodia had been previously recorded as a root 
parasite. The observations just recorded led McLuckie to class it 
as a saprophyte associated symbiotically with a mycorrhizal fungus 
and a nitrogen-fixing bacterium. It is believed that the Orchid is 
directly and indirectly dependent upon its endophytes for both 
carbonaceous and nitrogenous food-materials, and it is suggested 
by the author that the association is an obligate one. It is thought 
that the mycelium functions by absorbing water and mineral salts, 
and is likewise responsible for the intake of organic carbon compounds 
and possibly also of organic nitrogen compounds from the soil. 
Assuming the correctness of this interpretation, the bionomics of 
the species form an interesting contrast with those of Gastrodia elata. 

Another uncommon non-chlorophyUous Orchid, Dipodium punc- 
tatum, has also been investigated by McLuckie (1922 This is a ter- 
restrial plant occurring in the ''shaded humus soils of the Australian 
Bush.'' The reddish-coloured flowering stems, bearing small scale 
leaves, arise from a few large succulent roots which penetrate the 
humus in various directions. Like Monotropa, the species had been 
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described as a root parasite on neighbouring plants (Moore and 
Betsche, 1893). No evidence of parasitism was found by McLuckie, 
whose observations led to the view that in this case also the root 
fungus supplied its host not only with organic substances from the 
humus, but also with water and salts. Whence followed the logical 
conclusion that “in Dipodium, 'symbiotic saprophytism ' has prac- 
tically become a case of the higher plant being parasitic upon the 
endophyte.” 

The roots are remarkable in the possession of a sheath resembling 
the velamen of aerial roots, the thin-walled, living cells of which fit 
closely together and appear to constitute an “aqueous tissue.” The 
mycorrhiza is of the familiar Orchid type with extensive intracellular 
infection of the cortical cells, followed by digestion and disappearance 
of the stainable products. 

McLuckie's conclusions as to the real significance of root infection 
in this Orchid are supported by evidence of the usual kind — absence 
of root hairs and an assimilatory mechanism in the vascular partner, 
the known ability of the endophyte to utilise organic compounds of 
carbon and nitrogen, wholesale digestion of the intracellular my- 
celium — there is, indeed, a strong presumptive case for parasitism 
on the endophyte, not only in Dipodium, but in most of these so- 
called vascular “saprophytes.” The pressing need at the moment is 
for experimental evidence bearing on the physiological relations 
between the s5mabionts, and for proof that the vascular plant alone 
is unable to utilise the nutritive substances locked up in humus. 
Such evidence can be obtained only by “pure culture” methods, 
which present exceptional difficulties in the case of non-chloro- 
phyllous species, owing to the initial difficulty of securing seed 
germination. 

Knudson (1922) began a fresh chapter in the story of the Orchids 
and their root fungi with his paper entitled, N on-symbiotic germina- 
tion of Orchid Seeds, to which two others have since been added 
(Knudson, 1924, 1925), His interpretation of the observed facts 
differs from that of Bernard; following a review of the three papers 
just mentioned the nature of this disagreement will be discussed. In 
the first, he described the germination of seeds of Laelia, Cattleya and 
related forms in aseptic cultures by the addition of certain sugars, 
or of plant extracts with traces of sugar, to the substrata. He 
recorded also the interesting new observation that inoculation of the 
seed cultures with a strain of Bacillus radicicola isolated from Alfalfa, 
produced a beneficial effect upon germination and the development 
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of chlorophyll. Two years later he reported that he had obtained 
practically loo per cent, germination of seeds and the subsequent 
production of healthy seedlings of species of CattUya, Laelia, 
Epidendron, Cymbidium, Phalaenopsis, Dendrolium, Ophrys, Cypfi- 
pedium and Odontoglossum, i.e. that these non-symbiotic methods 
can be used with equal success for raising seedlings of the more 
refractory species. He found likewise, that when germination had 
advanced to a certain point, the seedlings became independent of an 
artificial supply of sugar, and could be transplanted to a suitable 
nutrient containing inorganic salts only, where they continued to 
make healthy growth quite independently of fungus infection 
(PL III, Fig. 26). 

From these experiments Knudson deduced certain conclusions 
among which may be noted the f oEowing : (i) that the necessity for 
symbiotic fungus infection has not been proved ; (2) that the germina- 
tion of Orchid seeds is dependent on an outside source of organic 
matter, e.g. sugar, the effect of which is purely nutritional; (3) that 
young Orchid embryos, germinated aseptically without sugar, are 
unable to photosynthesise even if chlorophyll is present, such in- 
ability being presumably due to lack of some internal factor. 

Knudson subsequently extended his researches and repeated and 
confirmed certain experimental observations made by Bernard. Thus, 
he isolated the endophytes from Cattleya, Cypnpedium, and Epipactis 
and used the three strains — apparently regarded by him as identical in 
physiological action as in morphological character — for the successful 
germination of Cattleya seed. He made two observations of special 
interest, one, that the inoculation of seed cultures with certain other 
fungi, e.g. PhytopUhora sp., produced comparable effects — '*Phyto- 
phthora sp. is about as favourable to germination as the orchid fungus '' 
— a fact already put on record by Burgeff for casual infection by 
Pemcillium) the other, that successful non-symbiotic germination 
was obtained on a sterilised peat and Sphagnum mixture by the 
addition of a solution of inorganic salts of hydrogen-ion concentration 
equal to pH 4*6, the germination being equally rapid as when the 
fungus was supplied. No explanation whatever of this latter observa- 
tion can at present be offered beyond the assumption put forward 
by the author himself; namely, that under the conditions described, 
the embryos obtained the requisite soluble organic food material 
direct from the sterilised substratum. It must be noted that the 
seeds used were those of Cattleya which are known to reach a fairly ad- 
vanced stage of development in aseptic cultures without inoculation 
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In short, Knudson has confirmed the fact of s5nnbiotic germina 
tion under experimental conditions but rejects Bernard's views as 
to its significance. Discussing this disagreement, Knudson stresses 
the importance of the nutritional aspect of the problem. In his view, 
the sugar supplied to germinating seeds acts as a food, and the 
beneficial result of inoculation by a suitable fungus in Bernard's 
experiments depended, not upon infection of the embryo tissues or 
upon any internal effect, but upon the production of sugar from 
organic material supplied in the medium with a corresponding rise 
in the concentration of the substratum. The effect produced in 
Knudson's cultures both by the specific endophytes and by certain 
foreign organisms is similarly explained. In addition to the produc- 
tion of sugar from starch, Knudson noted a marked rise in the 
hydrogen-ion concentration of inoculated cultures. For example, in 
one series, concentrations equal to values of 7*0, 6-3 and 6-o were 
changed to values of 4-6, 4*8 and 4-0 respectively, indicating a 
decided increase in the acidity of the substratum. In the more acid 
media healthy seedlings were produced, in the others the embryos 
perished. Commenting on these facts he observes : “ Here is evidence 
that the hydrogen-ion concentration is markedly increased by the 
fungus, and this must be due to organic acids produced by the 
fungus." 

Knudson confirmed Bernard's and Burgeff's observations on the 
specificity of the endophytes but again offered a new interpretation 
of the observed facts. Noting that seeds of Odontoglossum were 
parasitised and killed by the fungal strains isolated from Catthya, 
Efipactis and Cypripedium, he concluded that "these fungi are 
extremely pathogenic." But selective pathogenicity of this kind at 
once raises biological problems of profound interest, and it was to 
the analysis of such problems that Bernard devoted his last years. 
Had he lived longer, it can hardly be doubted that he would have 
turned once more to the practical applications of his discoveries, 
more especially to the improvement of methods for effecting non- 
symbiotic germination. He had already discovered and noted that 
this method was safer and easier than that of fungus infection, owing 
to the difficulty of maintaining suitable strains of the endophytes 
in artificial cultures. 

Knudson's more important theoretical conclusions are indicated 
in the following passages: "The explanation of the failure of orchid 
seeds to germinate when provided with all the conditions that permit 
of the germination of most seeds, is to be found in the organic food 
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relations. The seeds of orchids are lacking in food reserves. . . . Growth 
of the embryo wiU continue for a time at the expense of the reserve 
food, but ceases sooner or later. If the embryos are then supplied 

with sugar, growth will continue and germination occur If the 

embryos are carried over this critical period, then they are thereafter 
self-sustaining. The significant fact has been noted that the seeds 
of terrestrial orchids may germinate in nature under conditions where 
chlorophyll is entirely lacking. These embryos are purely saprophytic. 
The conclusion seems to be warranted that under natural conditions 
the orchid embryos are dependent for continued development on an 
appropriate supply of organic food, which must be absorbed from 
the material on which the seeds are germinating. Under natural 
conditions, this food is made available to the orchid embryo by the 
digestion of organic matter, which transforms the insoluble substances 
to soluble products. Some of these substances are absorbed by the 
embryos and are used in the metabolic process. Under natural 
conditions the orchid fungus may function in these digestive pro- 
cesses, but it would be pure assumption to conclude that no other 
micro-organisms are involved in this transformation. Sugars are un- 
doubtedly formed, although the concentration would be low. It 
would seem that other substances are more effective."' 

The interest and practical value of Knudson's work is not to be 
denied. To the writer it seems unfortunate that he should have 
marshalled his experimental results in the form of an argument 
against the ''so-called symbiotic theory of germination" attributed 
to Bernard and Burgeff, In the main, the new facts constitute an 
extension rather than a refutation of Bernard's work. It is true that 
the latter, who originally recorded the rise in concentration of the 
substratum brought about by fungus growth and also the practic- 
ability of non-symbiotic germination,, was temporarily too pre- 
occupied with the mechanism of immunity and resistance in Orchids 
to carry further his observations on the parallel effects produced by 
infection on the one hand and an increased concentration of sugar 
outside the tissues on the other. It is equally true that the explana- 
tion put forward by Knudson, providing as it does an adequate and 
intelligible physical basis for the effect produced by the presence of 
the fungus, whether in the tissues of the embryo or in the sur- 
rounding medium, does not cover all the known facts. It does not 
explain, for example, the invariable association of particular fungus 
strains with individual species of Orchid in nature, the toleration of 
mycelium in certain tissues, or the fungicidal action exerted by others. 
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Observations on the effects produced on germination in Bernard's 
experiments by the use of cultures of different ages led Knudson to 
conclude that "'the most active fungus is the weakest pathogen." 
They led Bernard, with equal justice, to the view that the absence 
of obvious pathogenic symptoms in Orchids was due to an acquired 
resistance similar in kind to that displayed by the "carrier" in the 
realm of animal pathology. To him, the Orchid fungi were all patho- 
gens. As with pathogenic organisms which attack animals and man, 
the degree of "virulence" exhibited would be expected to vary 
directly with the condition of the host and with the history of the 
attacking organism in pure culture. He was far from underrating 
the risks involved in the symbiotic method of germination under 
laboratory conditions. "For five years," he writes, "I have sown 
seeds of various species of Orchid in culture tubes each containing 
one hundred seeds, and have inoculated these cultures with Rhizo- 

ctonias extracted from the roots On the whole, I have obtained 

some hundreds of plants, but I underestimate when I place the total 
number of seeds used in my experiments at 50,000 " (Bernard, 1909 a). 

That healthy seedlings of certain Orchid species can be grown for 
several years under experimental conditions without infection has 
been proved by Knudson and others. The problem which engaged 
Bernard's attention was not the production of such artificially 
"sheltered" plants, but the explanation of a condition found in- 
variably in nature and its relation, if any, with the observed ir- 
regularities in seed germination. 

In the meantime, any complete explanation of the association 
of Orchids with particular root fungi must take into account the 
facts just mentioned. For which reason the "further investigations 
on the food relationships of orchid embryos " promised by Knudson 
will be awaited with great interest. 

Constantin and Magrou (1922) have subjected the views expressed 
by Knudson in his earlier paper to severe criticism. It has been 
pointed out by these authors, as in the present review, that the 
observation recording the fact that the effect of the fungus on ger- 
mination could be replaced artificially by a supply of sugar or other 
nutrient is not a new one, and in itself provides no explanation 
either of the invariable presence of the endophytes in Orchid roots, 
or of the specificity exhibited by the forms associated with particular 
Orchid species. 

That root infection is practically invariable in Orchids has been 
amply demonstrated by Wahrlich and others. For further evidence 
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on this matter attention is directed to the more recent observations 
by Constantin and Dufour (1920) on Goodyera repens. Examination 
of the rhizomes of an immense number of plants of this species by 
one of these observers, not only confirmed the fact of invariable 
fungus infection, but provided evidence of the presence of an identical 
strain of the endophyte, named by the authors Rhizoctonia Goody era 
repentis, in every case examined. 

The researches of Huber (1921) on Liparis loeselii are significant 
in the same connection. 

Since the middle of the nineteenth century when they were de- 
scribed by Irmisch (1847, 1850, 1854, 1863), the European Orchids 
belonging to the small group Malaxoideae have been known to 
possess morphological peculiarities, e.g. the presence of aerial tubers 
resembling those of tropical species. In an account of these special 
features Goebel (1901) included a brief account of the remarkable 
distribution of mycelium in the vegetative organs. With this ex- 
ception nothing was known of the mycorrhizal relations previous to 
Huber's work, a fact doubtless accounted for by the extreme rarity 
of the species. 

Huber confirmed Goebel's observations and undertook atr in- 
vestigation into the history of infection in the individual plant of 
Liparis loeselii together with the isolation of the endophyte and its 
behaviour in pure culture. The facts elucidated in the course of this 
research are of interest and have a direct bearing on the existence 
or otherwise of an obligate symbiotic relation. 

The isolation of the endophyte presented no difficulty. It proved 
to belong to the type, Rhizoctonia repens Bernard, or Orcheomyces 
psychodis Burgeff, and agreed with the forms previously described 
by the latter author in respect to nutrition. Two features of special 
interest may be noted in Huber's account; namely, the unusual 
distribution of fungus infection in the vegetative organs, and the 
artificial production and’ attempted cultivation of plants entirely 
free from fungus infection. 

Liparis is a chlorophyllous species with no obvious peculiarities 
relating to nutrition. The rhizomes show invariable and profuse 
fungus infection of the cortical tissues, the mycelium in a majority 
of the infected cells eventually undergoing digestion in the usual 
way. The roots and leaf-bases are also infected but the amount of 
mycelium present in these organs is relatively scanty. In the epi- 
dermis of the roots and leaf-bases, the endophyte forms chains of 
spores identical with those observed in pure cultures. Seed germina- 
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tion is replaced by a profuse development of adventitious buds on 
the aerial tubers. With regard to the course of infection, the mycelium 
present in the old rhizome does not spread into that of the succeeding 
year. Infection of the latter is accomplished indirectly through the 
roots which become invaded by growing into the cortical tissues of 
the old axis. In the initial stages, therefore, the bud from which will 
develop a new vegetative axis is entirely free from mycelium, and, 
if separated with due precautions from the older parts, can be further 
grown independently on a sterilised substratum. 

By taking advantage of this, Huber was enabled to test the 
capacity of the mature plant for independent growth lacking fungus 
infection. Buds were removed in January and developed freely to 
a height of some centimetres on a sterilised substratum. Micro- 
scopic examination showed the plantlets to be entirely free from 
fungus mycelium, the cells of the cortex possessing small nuclei 
and an abundance of starch and thus differing markedly from those in 
normally infected plants. Subsequently, growth fell behind that of 
the uninfected controls; the infected plants became more susceptible 
to adverse external conditions, did not produce flowers, and by the 
middle of July all had succumbed. It was inferred by Huber that 
infection is an obligate condition for full development: “Die 
Unentbehrlichkeit des Pilzes auch fur die erwachsene Pflanze ist 
damit erwiesen." 

Apart from its bearing on the question of nomsymbiotic germina- 
tion, the condition described for Liparis shows many features of 
interest. It has been suggested by Huber that the s5nnbiotic relation 
in the Malaxoideae is relatively simple, the endophyte showing little 
modification and the infected tissues being relatively primitive in 
respect to the differentiation of “ Pilzwirthzellen '' and “Verdauungs- 
zellen.'' 

The lack of agreement between the conclusions of Bernard and 
Burgeff respecting the efficacy of old fungus cultures to effect 
germination has been investigated experimentally by J. Wolff (1923), 
who has expressed the opinion that Bernard did not sufficiently take 
into account the age and origin of Orchid seed used for experiments 
in estimating the effect of the age of fungus cultures upon germi- 
nation. Wolff's experimental results indicate that the rate of 
germination and the germination capacity of seeds of some species 
of Orchids decrease rapidly with age, those more than three months 
old failing to germinate at all. It was recorded subsequently (Wolff, 
X925) that of seeds sown on a medium containing 2*5 per cent. 
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glucose, some lost their germination capacity in 43 days, others in 
two to four months; if stored dry, in vacuo, they retained their 
vitality for longer periods. Knudson (1922) also reached the con- 
clusion that Orchid seeds should be germinated as soon as possible 
after collection. 

Wolff (1924) has also investigated the injurious effects sometimes 
observed when Orchid seeds are germinated in highly concentrated 
media in contact with mycelium of the appropriate endophyte. By 
changing the composition of the medium, it was found possible to 
produce seedlings of Cattleya resistant to the injurious effects of a 
mycelium pathogenic to them under other conditions. For example, 
seeds of Cattleya germinated asymbiotically on a medium containing 
glucose were able to resist attack by a mycelium which killed 
seedlings germinated directly in its presence. 

The use of "pure-culture’' methods for the raising of Orchids 
from seed has been adopted with success by practical growers both 
in Great Britain and other countries. An admirable account of the 
remarkable work accomplished by the late Mr Charlesworth in his 
own nurseries has been contributed by Ramsbottom (1922), who was 
associated with the work (Fig. 23) . Analogous results have been 
obtained in Belgium and in Germany. To the success of the method 
in the hands of French growers witness has been borne by Bultel 
(1920, 1923) and Constantin and Magrou (1922). (PL III, Fig. 25.) 

To an account of his own successful experiments on the raising 
of Orchids, M. Bultel added: “La culture que nous pratiquons de 
pr6f6rence est la culture aseptique en tubes sur milieux g 61 os 6 s ou 
autres ensemenc6s du Champignon endophyte; ce precede presente 
sur tons les autres le grand avantage d'une riussite assurde, et aussi 
celui de ne demander aucun soin depuis le jour de semis jusqu'au 
moment du repiquage des jeunes plantules, soit plusieurs mois 
apr^s.” 

More recently the same observer (Bultel, 1923) has reviewed the 
older work on the symbiotic relations in Orchids, and discussed the 
degeneration and regeneration of the endophytes in artificial cultures. 
He has described, also, his own methods for isolating the root fungi 
and for raising seedlings both by symbiotic and asymbiotic methods. 
The contention that Orchid seedlings raised asymbiotically grow 
into abnormal plants incapable of flowering is not supported by his 
experiments. On the contrary, he has placed on record the case of 
two hybrid Orchids, raised without infection, that produced flowers 
in the normal way. 
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To the professional horticulturalist, the symbiotic method of 
germination still presents obvious difficulties. The isolation of the 
specific endophyte is a delicate operation, as is the maintenance 
of strains in a suitable condition for promoting germination. More- 
over, the sterilising of culture vessels and media involves the use of 
special apparatus not ordinarily needed in horticultural practice. As 
pointed out by Bernard himself, the use of non-symbiotic methods 
would remove several of these practical difficulties and greatly 
expedite the raising and cultivation of Orchids under glass. More 
especially would this be so, if the claims made recently by Knudson 
and others in respect to the growth of fungus-free plants stand the 
test of further experiments and can be shown to apply to horti- 
cultural conditions. In the meantime, practical growers in Great 
Britain and elsewhere are experimenting with non-symbiotic methods, 
and in certain cases have reported very favourably. 

A remarkable collection of seedling cultures raised asymbiotically 
on artificial media containing sugar and other organic substances 
was exhibited recently in London, the tubes in every case being 
crowded with healthy seedlings. The cultures included seedlings 
of species of the more refractory genera, e.g. Odontoglossum. 
The exact constitution of the media used was not stated, but the 
worker responsible for these cultures has placed on record certain 
interesting facts relating to his own experiments. He has confirmed 
Knudson's observation that the reaction of the substratum exerts 
an important effect upon germination. (PL III, Fig. 24.) 

For seeds of Odontoglossum, the best results were obtained with 

values ranging from 6*5 to 6*8. Special attention has been paid 
to this genus, and it was found that a medium which promoted 
germination of seeds of one species of Odontoglossum was unsuited for 
those of another and that it was necessary to carefully adjust the 
constitution of the media to the needs of individual species. The 
exact significance of these facts is not at present clear, but they are 
of interest in view of the difficulties experienced in obtaining suc- 
cessful germination of seeds of Odontoglossum by the ordinary 
horticultural methods (Clement, 1924). 

No aspect of the physiology of the symbiotic relation in mycor- 
rhiza is of greater interest than that relating to the possibility of 
nitrogen fixation by the endophytes. A preliminary account of new 
researches on the root fungus of Neottia by H. Wolff (1925) has 
reopened this question in relation to the Orchid endophytes. 

Wolff reports that the fixation of atmospheric nitrogen by the 
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endophyte of Neottia has been quantitatively proved in pure culture, 
the fungus being able likewise to use organic compounds, e.g. 
glycocol, and also ammonium salts as sources of nitrogen. A large 
number of compounds were utilised as sources of carbon, e.g. 
glucosides (tannin) , polysaccharides, hexoses, pentoses and pentosans. 
Fuchs and Zeigenspeck (1924) had previously shown that the fungus 
of Neottia could utilise similar compounds in nature, and had 
demonstrated the presence of the appropriate enzymes in infected 
root cells. It is surmised by Wolff that these enzymes are produced 
by the mycelium and not by the cells of the host. His present re- 
searches seek to demonstrate that compounds of carbon and nitrogen 
formed by the fungus eventually fall to the share of the Neottia 
plant. More recently (1926) these conclusions have been extended 
to other species. (See p. 308.) 

It is worthy of note that the small family Burmanniaceae, 
containing a number of remarkable non-chlorophyllous species of 
very reduced habit, is closely related to Orchidaceae. (See Plate I,.) 
Like the Orchids, members of the former group produce seeds with 
scanty reserves and also develop typical mycorrhiza in the root 
system. 

There are at present no experimental data concerning germina- 
tion or the biology of infection and its relation with nutrition, but 
it would not be surprising to learn that in this group, as in Orchids, 
there has been evolved an association more intimate than that found 
in mycorrhizal plants generally. 





EXPLANATION OF PLATES II AND III 
Plate II 

Fig. i6. "'Sporangioles'' of different plants as figured by Janse. (From 
Janse, Ann. Jar Ain Buitenzorg. 14 , 1896-97.) 

Fig. 17. Polygala amara. Transverse section of root with mycorrhiza. (From 
Marcuse, 1902.) 

Fig, 18. sp.: longitudinal section of seed. (From Ramsbottom, 

Brit. My col. Soc. Trans. 1922.) 

Fig. 19, Odontoglossum sp,: longitudinal section of seed, nine days from 
sowing, showing infection of the larger cells at the suspensor end and 
the formation of “pelotons.*' (From Ramsbottom, Brit. Mycol. Soc. 
Trans. 1922.) 

Fig. 20. Odontoglossum sp.: section of protocorms. The stem apex and first 
two leaves can be seen at the upper end. In many of the infected cells, the 
mycelium is already digested. (From Ramsbottom, Brit. Mycol. Soc. 
Journal, 1922.) 

Fig. 21. Odontoglossum sp.: longitudinal section of young seedling after 
formation of first root. The root is uninfected; the dark patches in the 
root-cells are raphides. (From Ramsbottom, Brit. Mycol. Soc. Journal, 
1922.) 



Plate III 


Fig. 22. Platanthera chlorantha. Tangential section of root showing **Pilz> 
wirthzellen" and cells containing raphides. (From Burgeff, 1909.) 

Fig. 23. Platanthera chlorantha. Radial section of root showing “Verdanungs- 
zellen,” (From BnrgefE, 1909.) 

Fig. 24. Asymbiotic germination of Orchids. Seedlings of Odonioglossum sp. in 
organic nutrient 18 weeks from sowing. About natural size. 

Fig. 25. Symbiotic germination of Orchids in horticultural practice. Seedlings 
of Odonioglossum sp. in sterilized compost infected by the endophyte, four 
months from sowing, x J. 

Fig. 26. Asymbiotic germination of Orchids. Seedlings of Cattleya and 
Laelio-Caitleya two years old on full nutrient without sugar, (From 
Knudson, Bot. Ganz, 1924.) 

Fig. 27. G astro dia elata: (i) Adult tuber with flower shoot. 

(2) Inflorescence axis. 

(3) Rhizomorphs of Armillaria mellea {Rhizomorpha suhterranea) from soil 
about tubers of Gastrodia. 

(4) Living stock of Quercus serrata with rhizomorphs of Armillaria mellea. 

(5) Fruit bodies of Armillaria mellea from dead stump of Oak in neigh- 
bourhood of Gastrodia. 

Fig. 28. (6, 7) Development of young tubers without association with fungal 
symbiont: (a) at end of May; (&) at beginning of August; (c) at beginning 
of April in the following year. 

(8) Rhizome-like tuber of Gastrodia. 

(g-12) Small tubers making organic connection with rhizomorph strands 
(collected end of May). 

(13) Adult flowering tuber occasionally attacked by rhizomorphs. 

(14) Mycorrhiza formation in tuber laid under Oak tree in May, showing 
vigorous development and formation of offsets (observed in September), 

(15) Potato tuber attacked parasitically by rhizomorph of Armillaria 
mellea^ showing discoloration and collapse of aflected tissues. 

(16) Section through affected tissue of same showing distribution of 
strands as ” Rhizomorpha suhcorticalis (All from Kusano, Journ. Coll, 
of Agric. Tokio, 1911.) 





CHAPTER VI 

ERICACEAE 


Ericaceae — Ternetz — Rayner: seed infection and the obligate relation in 
Calluna ; isolation of the endophyte, and its behaviour in pure culture ; 
shoot infection; cuttings; the cytology of digestion in the mycorrhiza 
cells; nitrogen fixation; nutrition — Christoph — Other members of 
Ericaceae: Erica] Pernettya] Vaccinium] Arbutus ] Epigaea — Pyrolaceae, 

ALTHOUGH cited by Frank as likely to exhibit specialised relations 
with their root-fungi, the members of Ericaceae were relatively 
neglected by contemporary workers at mycorrhiza, a fact possibly 
not unconnected with the recognition of difficulties of technique due 
to fineness of the roots, abundance of oil in the tissues, and com- 
parative difficulty of manipulation under experimental conditions. 
Isolated observations on the mycorrhiza of Calluna ^ Vaccinmm and 
Andromeda were recorded by Frank (1892 &), who described and 
figured infected roots, and later by Magnus (1900) and others, but no 
experimental work was attempted. Even in respect to root structure, 
the published records were singularly incomplete, confined to a 
limited number of genera and deficient in reliable cytological details. 

The first serious contribution to the literature of mycorrhiza in 
the group was made by Ternetz (1907). In an earlier paper (1904), 
this author had published an account of a fungus isolated from a 
peaty soil and believed to possess the power of fixing atmospheric 
nitrogen. The prevalence of ericaceous species upon such soils and 
their invariable development of endotrophic mycorrhiza, together 
with the observations just mentioned, led to an attempt to isolate 
the root-fungi of various members of the group with a view to testing 
their capacity in respect to nitrogen fixation. The absence of the 
nitrogen-fixing bacteria, Azotohacter and Clostridium, from heath and 
moorland soils put on record by Beijerinck (1901) and Christensen 
(1906) and confirmed by Ternetz, suggested the possibility that the 
activities of these bacteria were replaced, in soils of this type, by 
those of soil fungi that might or might not exhibit symbiotic relations 
with the roots of the vascular plants present. 

From the young roots of five ericaceous species, Oxycoccus 
palustris, Andromeda polifoUa, Vaccinium vitis idaea, Erica tetralix 
and Erica carnea, Ternetz isolated five pycnidia-forming fungi 
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showing the general characteristics of the genus Phoma, to which 
were given the names Phoma radicis oxycocci, P. r, andromedae, 
P. r. vaccinii, P. r. tetralicis and P. r. ericae. Possessing general 
characters in common, these forms exhibited minor morpho- 
logical and physiological differences when cultured; moreover, no 
two of them were ever isolated from a single culture, a fact regarded 
as significant evidence of their specific relations in view of the 
circumstance that roots of two or more of the ericaceous species used 
for their isolation had been growing in close proximity in the field. 
Although the specific names just quoted implied identity with the 
endophytes, no proof existed that this was the case, as indeed was 
freely admitted by Ternetz. The necessary evidence could be supplied 
only by inoculations from pure cultures into fungus-free seedlings 
raised from sterilised seeds, with subsequent formation of mycorrhiza. 
Unfortunately all attempts to provide such proof were unsuccessful; 
in some genera, e.g. Vaccinium and Andromeda, the sterilised seeds 
did not germinate; in others, e.g. Calluna, the seedlings derived from 
them showed after some weeks a typically infected condition 
of the root-ceUs. Seedhngs were never obtained free from mycor- 
rhizal infection, a circumstance which suggested to the author the 
possibility of seed-coat infection sufficiently extensive to resist the 
seed sterilisation methods employed. 

All the fungi isolated by Ternetz were tested for nitrogen- 
fixation by cultivation in liquid media free from combined nitrogen, 
aerated by means of a slow stream of purified air passed through 
the culture flasks. After four weeks’ growth, the nitrogen contents 
of myceha and culture fluids were estimated separately by the 
Kjeldahl method. AU the cultures yielded evidence of nitrogen- 
fixation, although in very dif erent degree. The fungi extracted from 
Oxy coccus, Vaccinium and Andromeda showed the greatest activity, 
the values recorded after four weeks’ growth being respectively 
i8 milligrams, 22 milligrams and 11 (10*92) milligrams of nitrogen 
assimilated for each gram of dextrose used. 

As compared with the values obtained by Winogradsky (1902) 
for Clostridium pasteurianum and Gerlach (1902) for Azotobacter 
chroococcum, the absolute amounts of nitrogen fixed by these fungi 
are relatively insignificant. On the other hand, they worked far 
more economically than did the bacteria in relation to the amount 
of sugar consumed during growth, and in this respect were the most 
efficient nitrogen-fixers yet recorded. For purposes of comparison, 
Ternetz tested the possibility of nitrogen-fixation by Aspergillus 
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niger and Penicillium glaucum and obtained evidence of a relatively 
feeble capacity to utilise gaseous nitrogen on the part of these species 
also, a result subsequently corroborated by Froelich (1907). The 
comparative values obtained for all the fungi named and also for 
Clostridium and Azotohacter are set out in the table now reproduced 
(Table I). 

Table I. 


(From Ternetz, Jahr, f. wiss. Bot. Bd. xlv, p. 388, igo?-) 

Ass. N 


Dauer Gebotene Ver- pro i gm. 

des Ver- Dextrose arbeit. N-Ge- verarb. 


Name des assimilierenden 

suches 

. ^ 



Dextr. 

winn 

Dextr. 

Organismus 

Tage 

gm. 

% 

gm. 

mg. 

mg. 

Clostridium Pasteurianum 
(Winogradsky) 

20 

40 

4 

40 

53*6 

1*34 

Clostridium Pasteurianum 
(Winogradsky) 

20 

20 

2 

20 

24-4 

1-22 

Clostridium Americanum 
(Pringsheim) 

30 

1*25 

0-25 

x-25 

4*6 

3*7 

Clostridium Americanum 
(Pringsheim) 

30 

5 

I 

3-01 

8*2 

3*01 

Azotohacter chroococcum 
(Gerlach und Vogel) 

35 

5 

0’5 

5 

427 

8-56 

Azotohacter chroococcum 
(Gerlach und Vogel) 

35 

12 

1*2 

12 

127-9 

10-66 

Aspergillus niger 
(Ternetz) 

28 

7 

7 

i*i 

1-9 

171 

Penicillium glaucum 
(Ternetz) 

Phoma rad. Oxycocci 
(Ternetz) 

Phoma rad. Andromedae 
(Ternetz) 

28 

7 

7 

07 

2-8 

3*8 

28 

7 

7 

0-85 

15*3 

i8-o8 

28 

7 

7 

0*67 

7*3 

10-92 

Phoma rad. Vaccinii 
(Ternetz) 

28 

7 

7 

071 

15-7 

22-14 

Phoma rad. Tetralicis 
(Ternetz) 

28 

7 

7 

I 

4 

3*99 

Phoma rad. Ericae 
(Ternetz) 

28 

7 

7 


2-3 

2-17 


Bemerkungen 


Mittel aus 2 
Besten 


nicht ganz bak- 
terienfrei 


Comparative cultures of the different forms showed that the 
amount of nitrogen fixed was independent of increase in dry weight, 
the two forms of Phoma which showed the greatest increase in dry 
weight after four weeks’ growth giving the smallest values for 
assimilation of nitrogen. Of the latter, the greater part was contained 
in the nutrient fluid in each culture, only a small proportion being 
found in the mycelium. It is significant also that in no case was a 
supply of combined nitrogen required for active growth of the 
cultures. 

Due precautions were observed by Temetz in respect to technique 
and the adequate provision of check and control cultures, and the 
estimations were made with great care. Some doubt was expressed 
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by the author respecting the adequacy of the Kjeldahl method for 
dealing with very small quantities of nitrogen, but it was concluded 
on the basis of an independent series of tests, that the method was 
satisfactory if the values actually obtained were treated as approxi- 
mate only. The absence of any grounds for adverse criticism of 
Temetz' experiments is endorsed by Duggar (1916) in a critical 
review of work deahng with the vexed question of nitrogen-fixation 
by fungi. 

The path of the experimental worker who attempts to prove the 
assimilation of atmospheric nitrogen by micro-organisms is a par- 
ticularly thorny one. The values obtained are of necessity relatively 
minute, and the possibilities of experimental error relatively great. 
Moreover, in the case of soil organisms, the matter is of great practical 
importance and very rigid proof is rightly demanded before the 
claims made can be regarded as definitely established. Recognition 
of the value of Temetz' work on nitrogen assimilation by the 
endophytes of Ericaceae has been unduly delayed owing largely to 
the author's failure to establish the identity of the fungi isolated. 
Subsequent work has provided ample confirmation of her conviction 
that she was working with the true endophytes, and rendered possible 
a belated tribute to the skilful and accurate technique by which 
their isolation from the roots was successfully accomplished. It has 
also furnished corroborative evidence that the root-fungi of ericaceous 
species can assimilate atmospheric nitrogen. 

Exact information respecting the bionomics of mycorrhiza in 
Ericaceae dates from the publication of a paper on Calluna vulgaris 
(Rayner, 1915). 

Experimental work was initiated by a study of the edaphic 
relations of this species in a selected area, and an attempt to evaluate 
the significance of the calcifuge habit (Rayner, 1911). Field observa- 
tions indicated that the failure of the plant to spread by seed in the 
area investigated was apparently strictly correlated with a rise in 
the calcium carbonate content of the soil, with which was associated 
a shifting of the reaction in the alkaline direction. Experiments 
were devised to investigate and analyse the soil factors concerned 
in this limitation of growth with the view of throwing light on the 
significance of the calcifuge habit in the group as a whole. Pot 
cultures in calcareous and non-calcareous soils yielded evidence of 
abnormal growth in the former as evidenced by reduced germination 
capacity, retarded rate of germination, arrest of root growth and 
distorted development of the growing region, and arrest of shoot 
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growth with reduced size and red coloration of the foliage leaves. 
Intimately associated with the abnormalities of growth noted in 
plants grown in calcareous soils was the presence of dense colonies 
of bacteria on the surface of the roots, especially around the tips, 
and a marked diminution of vigour in the growth of the mycor- 
rhizal fungus normally present. It was found, moreover, that similar 
growth reactions could be induced in seedlings growing in a favourable 
soil by watering with filtered extracts of calcareous soil. 

At this stage of the investigation it was not clear whether the 
bacteria present upon the roots in calcareous soils were pathogenic 
agents directly responsible for the abnormal behaviour of seedlings, 
or were to be regarded merely as indicators of soil conditions un- 
favourable to growth and, incidently, to the maintenance of the 
favourable relations maintained with the mycorrhizal fungus under 
favourable soil conditions. Subsequent work with soil extracts under 
pure culture^' conditions proved the correctness of the second view 
(Rayner, 1921). 

Laboratory experiments pointed to root-infection as an important 
biological factor controlling growth, and directed attention to the 
study of its origin and significance as an initial step towards an 
understanding of the somewhat specisdised soil relations shown by 
Calluna and allied species (Rayner, 1913). Before, therefore, any 
specific edaphic problem involving soil preference could be attacked 
directly — before, indeed, such a problem could be clearly formulated 
— ^it was essential to prepare the way by undertaking an independent 
investigation into the physiology of the relationship between the 
Calluna plant and its mycorrhizal fungus. The difficulties and 
problems faced by Frank and all subsequent workers upon the 
biology of mycorrhiza immediately presented themselves. At what 
stage of development and from what source does root-infection take 
place? Is it possible to cultivate seedlings free from fungus infection? 
Can the root-fungus be isolated; how does it behave in pure culture; 
and what are its systematic affinities? 

In the case of Calluna experimental research has provided 
answers to these questions and disclosed the existence of a remarkable 
and unsuspected biological relation between the green plant and its 
fungal associate, a relation resembling that found in Orchids in that 
it involves dependence of the seedling plant upon infection by an 
endophyte at a critical stage of development, but differing sharply 
therefrom in respect to the mode of infection and the widespread 
extension of mycelium throughout the shoot tissues (Rayner, 1913, 
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1915). As in Orchids, there is an obligate relation between the two 
organisms, and proper development of the seedling is bound up 
with infection by the appropriate fungus at germination. In Orchids, 
such infection is precarious, depending upon the presence of the 
root-fungus in roots of plants of the same species or in the soil 
around them in the proximity of germinating seeds; in Calluna 
infection is ensured by the presence of mycelium of the appropriate 
fungus upon the testa of the ripe seed. In Orchids, the distribution 
of the endophyte within the plant body is strictly limited; in 
Calluna, it is almost co-extensive with the tissues of the plant; 
mycehum extends throughout the root and shoot, spreads into the 
floral organs and passes from the columella and walls of the fruit to 
the testa of the developing seed. Only the resting embryo and endo- 
sperm are free from fungal infection; at all other stages of develop- 
ment and throughout its active vegetative existence every Calluna 
plant yet examined has been found to be a dual organism. 

The full story of the association with the mycorrhizal fungus 
was pieced together as a result of experiments extending over a 
number of years. For a complete account of the researches, reference 
must be made to the papers cited and to those published subse- 
quently (Rayner, 1921, 1922, 1925). The main facts are included in 
the following summary: The young roots of Calluna are extremely 
fine, consisting only of an axial vascular strand surrounded by a 
single layer of large cortical cells. Under normal conditions of growth 
each of the latter encloses a dense branch system of mycelium, the 
whole root foiming a characteristic endotrophic mycorrhiza. Each 
intracellular hyphal complex is continuous with hyphae upon the 
external surface of the roots, some fine and hyaline, others brownish 
and of large diameter. The intracellular hyphae are of relatively 
large and uniform diameter with abundant oily contents, the latter 
being absent from the surrounding cytoplasm (PL V, Figs. 35, 36). 
The mycelium of the endophyte has not been observed to penetrate 
within the vascular cylinder of the root. 

Throughout the growing season the mycorrhiza cells exhibit 
active intracellular digestion of mycelium with disappearance of the 
resulting— and presumably soluble— products. The nearer to the 
apical meristem, the more rapidly is digestion initiated. Its onset 
is marked by the usual signs of cell activity — ^increase in size and 
chromatic content of the nuclei often accompanied by deformation, 
clumping'* of the mycelium about the nucleus, disappearance of 
the sharp outlines of individual hyphae, and the gradual conversion 
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of the hyphal constituents from the region of the nucleus outwards, 
to a structureless mass possessing strong stainability. The last stages 
in the process are marked by shrinkage of the nuclei and disappear- 
ance of the stainable contents (PL V, Figs. 36, 37). This intracellular 
digestion of mycelium is a continuous process observable throughout 
the vegetative season from early spring to late autumn. The propor- 
tion of cells in the active mycelial condition or undergoing digestion at 
any given moment varies with the time of year, the age of the root, 
and possibly also with the season and other external factors. The 
phenomenon of digestion was overlooked by most of the earlier 
observers, although Frank (1891) referred to the infected cells in 
roots of Ledum and Empetrum as showing similar staining reactions 
to those of Orchids, and (1892 h) figured a cell from the mycorrhiza 
of Empetrum showing what was probably the ''clump'' stage of 
digestion. Magnus (1900), fresh from observations on the Orchids, 
stated that only " Pilzwirthzellen " were present in the mycorrhiza 
of Calluna, Since the formation of mycorrhiza in Calluna is an 
annual phenomenon, the ultimate fate of the constituent cells is of 
little physiological importance; in roots which persist for a second 
season, they are exfoliated by the formation of pericyclic cork. 

Certain recent observations on the formation of mycorrhiza by 
Calluna have an important bearing on the nature of the biological 
relation between the two organisms concerned, and incidentally 
explain the inability to observe root-infection recorded by certain 
workers. During a seasonal study of the mycorrhiza of Calluna, 
it was observed that the early spring roots were characterised by 
rapid growth and much lighter infection than was the case later in 
the season. This relative immunity to infection is believed to depend 
on the interaction of two sets of causes : {a) the differential effect of 
low soil temperatures on the growth of root-ceUs and mycelium 
respectively; (J) the existence of internal factors regulating the 
reaction of the cortical cells to infection, related in turn with certain 
external conditions controlling the rate of growth. 

Partial immunity to infection, with a similar imperfect or abortive 
formation of mycorrhiza, was observed subsequently in healthy 
plants subjected to certain experimental conditions; for example, 
cultivation in a favourable soil or soil extract sterilised by heat, in 
sterilised sand irrigated with rain water or a weak solution of salts, 
and in agar nutrient. The conclusions drawn from these observations 
were thus summarised: ”The development of the endophyte in the 
mycorrhiza cells of Calluna is markedly inhibited by certain conditions 
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of the rooting medium j and roots exposed to such conditions may appear 
to he uninfected (PI. V, Fig. 40). It may reasonably be inferred 
that the formation of active mycorrhiza in Calluna is a "'reciprocal 
phenomenon,” conditioned not only by the activity of the fungus, 
but by the reaction of the root-cells to invasion, and by factors in the 
rooting medium directly related with the nutrition of either partner, 
or both (Rayner, 1925). One other conclusion stated in the same paper 
may be quoted; namely, that "fungal infection and the stimulus to 
development associated with it on the one hand, and the formation 
of root mycorrhiza on the other hand, must be regarded as distinct 
phenomena.” There is no experimental evidence that the formation 
of mycorrhiza is obligate, although under ordinary soil conditions it 
is the natural sequence to seedling infection and may be closely 
bound up with the soil relations of the roots. 

The possibility or otherwise of replacing the stimulus to develop- 
ment ordinarily supplied by infection by the addition of a suitable 
organic substance to the rooting medium has not yet been fully 
explored in Ericaceae. In view of the asymbiotic germination of 
Orchid seeds when supplied with appropriate organic material, it 
seems reasonable to infer that similar methods might be used 
successfully in Ericaceae, and that seedlings thus raised free from 
infection might grow satisfactorily without mycorrhiza. On the 
other hand, further experimental data are required respecting the 
length of time during which plants of various species of Orchid can 
be maintained in healthy growth lacking infection; the recent work 
of Huber (1921), on Liparis loeselii, has yielded results at variance 
with those of other workers and is possibly significant in this con- 
nection (see p. 103) . This matter will be discussed more fully in a later 
section dealing with the physiology of nutrition. 

The identification of mycelium in the shoot tissues of Calluna is 
a matter of great difficulty and can be accomplished only with the 
aid of a delicate and specialised technique. In the young seedling 
immediately subsequent to infection it is relatively easy to trace the 
path of the invading hyphae and occasionally to observe an intra- 
cellular complex resembling those in the root-cells in the leaf 
mesophyll. Such intracellular mycelium is subject to eventual 
digestion by the host cell. In general, the hyphae which traverse 
the stem tissues are excessively fine and restricted in position to the 
middle lamellae of the cell-walls. Otherwise, they show no special 
distribution but range throughout aU tissues, vascular and other- 
wise (PL V, Fig. 38). Only in air spaces in the leaves and elsewhere, 
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and in the dead tissues of the bark, are hyphae of normal size and 
structure to be found. The extension of mycelium throughout the 
shoot was experimentally verified by rooting cuttings under controlled 
conditions (Rayner, 1925). It was found that shoot cuttings, rooted 
under aseptic conditions in sterilised sand, formed a normal root system 
with infection of the type characteristic for plants growing in a sterilised 
rooting medium. Moreover, the endophyte has been extracted from 
similar shoot cuttings. These experiments with cuttings are believed 
to constitute a final reply to the claims put forward by Christoph (1921) 
in respect to non-infection of Calluna (see 
p. 103). (Fig. 29 and PL V, Figs. 39, 40.) 

In the organs of the flower mycelium 
is abundant, and much of it undoubtedly 
belongs to the endophyte. In the tissues 
of the ovary wall, as in the vegetative 
axis, the hyphae are extremely fine and 
can be identified with difficulty; thence 
they spread to the outer cell layer of the 
seed-coats, a phase of infection possibly 
related to the breakdown of these cells 
in the final stages of seed development 
and one not difficult to observe in 
fortunate sections (Rayner, 1925, Plate 
VI, Fig. I a). Ripe seeds removed from 
unopened fruits carry fine mycelium, 
sometimes profuse, more often extremely 
scanty and difficult to put in evidence 
(PL IV, Fig. 32). At germination this 
mycehum becomes active and infection 
of the seedhng root by fine hyphae can 
readily be observed in seeds germina- 
ting on filter paper. A similar infection 
stage has been noted by the writer in seedlings of Pemettya which 
had germinated viviparously within the fruit chamber, so repeating 
the observation made by Temetz (1907) on Andromeda poUfolia. 

By careful methods of sterilisation it is possible to kill the 
mycelium of the endophyte upon the testa as well as free the seeds 
from casual contamination by micro-organisms. Seeds, so treated, 
germinate normally under aseptic conditions, but the resulting 
seedlings exhibit more or less complete arrest of shoot development 
with an inhibition of root formation which is, practically complete, 





Fig. 29. Calluna vulgaris : cut- 
ting rooted in sterile sand 
under controlled conditions. 
Removed and photograplied 
40 days after insertion in 
tube. S, stem. 
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If inoculated at planting from a pure culture of the endophyte, they 
develop normally (PI. IV, Figs. 30, 31). 

The endophyte has been isolated from young roots, from shoots, 
and repeatedly from seeds removed asepticaUy from unopened 
fruits. It is a pycnidia-forming fungus with the characters described 
by Ternetz for Phoma radicis, and the name P. r. callunae given 
to the form isolated by that author has therefore been accepted. 
The necessary proof of identity which Ternetz failed to obtain has 
been provided by re-inoculation into seedlings free from infection, 
and the identity of the forms isolated by that worker with the 
endophytes of a number of ericaceous species may be regarded, 
therefore, as finally established. 

A sporing colony of the endophyte in pure culture is shown in 
Plate V; for the characters of the mycelium and pycnidia reference 
maybe made to the original description and figures (Rayner, 1915, 
Plate VI, Figs, 8, 9). In old cultures the mycehum produces terminal 
and intercalary swellings which have also been observed in association 
with roots in nature. It can be cultivated on many different artificial 
media over a considerable range of pJi values, but is liable to show 
marked change of behaviour, e.g. in relation to pycnidia formation, 
under prolonged cultivation on artificial nutrients. Its physiological 
properties are easily altered by changes in the substratum; in 
particular the power of promoting development in the seedling is 
readily impaired both by long cultivation outside the plant and by 
the nature of the food supplies. In general, such change is in the 
direction of active parasitism. (PI, V, Figs. 41, 42.) 

The evidence available bearing upon the physiology of nutrition 
will be discussed in a later section of the present work. 

In view of Ternetz' researches on nitrogen assimilation by a 
number of forms of Phoma radicis, the reaction of the Calluna 
plant to substrata free from combined nitrogen is of special signifi- 
cance. Researches on this subj ect (Rayner, 1922 a) showed that “ pure 
culture" seedlings, inoculated with the endophyte at planting and 
grown in an agar medium lacking combined nitrogen, throve as well 
as did the control seedhngs to which potassium nitrate was supphed 
at the rate of 0*5 g. per litre. The seedlings not supplied with nitrate 
were, on the average, healthier than the controls, of bright green 
colour and of equally vigorous growth. Kjeldahl estimations of 
samples of the agar medium used for these cultures yielded negative 
results, and the conclusions were confirmed by subsequent work 
using a silica jeUy substratum instead of agar agar. 
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Indirect evidence of nitrogen-fixation by members ot the genus 
Phoma has also been supplied by Duggar and Davis (1916) in the 
course of a critical experimental study of the evidence for nitrogen- 
fixation by fungi, these authors having adopted special precautions 
to avoid experimental methods open to criticism on the score of 
inaccuracy. Among the species investigated were PenicUUum spp., 
Aspergillus niger and Phoma betae. With regard to the two first- 
named genera, Duggar confirmed the experimental conclusions of 
Ternetz and others that these fungi can utilise atmospheric nitrogen 
to a very slight extent. In the case of Phoma betae, the values 
obtained ranged from 3-022 to 7-752 mg. per 50 mg. of culture fluid 
in 25 days, a known amount of combined nitrogen being supphed. 
These values are outside the range of experimental error and are of 
special interest for comparison with those obtained by Ternetz for 
the forms of Phoma radicis. 

Differences of structure and behaviour were noted by Ternetz in 
the forms of Phoma isolated from different ericaceous species. This 
evidence of specificity in the endophyte is supported by the observed 
impracticability of using the Calluna endophyte for promoting 
germination in other genera, for example, in Erica tetralix, Erica 
cinerea or Pernettya mucronata. 

Mention must here be made of the discordant experimental 
results reported subsequently by Christoph (1921) regarding fungus 
infection in members of Ericaceae. In respect to Calluna vulgaris 
and Erica carnea, it has been put on record by this observer that 
seedlings both from sterilised and unsterilised seeds remained free 
from fungus infection when grown on thoroughly sterilised soil from 
a Calluna station, while similar seedlings grown on the same soil 
untreated rapidly developed mycorrhiza of the characteristic type. 

From the time of Frank onwards, the members of Ericaceae have 
been regarded as typical examples of obligate mycotrophy. Christoph 
rejects this view and reports that in very dry places, plants of 
Calluna vulgaris and Erica carnea are often found lacking mycorrhizal 
infection altogether, while in pot cultures allowed to become dry 
the fungus soon disappears. In respect to this, it was not stated 
whether plants were kept under observation during the whole of 
the growing season. Moreover, by rooting cuttings in sterilised soil, 
he obtained plants that were believed to show complete freedom 
from root-infection. It was inferred by Christoph that infection took 
place only from the soil, thus precluding the possibility of seed-coat 
infection. 
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Unfortunately, no satisfactory evidence has been provided that 
the seeds used for these experiments had been effectively sterilised, 
nor has adequate proof been supplied that a fungus isolated from 
Calluna roots was the true endophyte. On the other hand, it is 
believed by the present writer that the supposed absence of infection 
from roots of seedlings and cuttings grown in sterilised substrata, 
and from plants occurring in nature in dry situations, is adequately 
explained by the partial suppression of mycorrhiza formation under 
these conditions. Infection takes place inevitably — ^in the case of 
seedlings, from the seed-coats, in the case of cuttings, from the stem 
tissues — but the normal mycorrhiza! condition is not established 
under certain well-defined rooting conditions. The invariable 
presence of raycehum in the root-cells and elsewhere in such 
plants can be demonstrated by the aid of a careful technique 
(cf. PI. V, Fig. 40). 

It is clear that, in nature, ericaceous seedlings germinating 
in the neighbourhood of the parent plants will always be liable to 
infection from the soil in addition to that derived from mycelium 
upon the seed-coats. A detailed criticism of Christoph’s work 
will be found in two papers by the present writer (Rayner, 1922 b, 

1925). 

Infection of the ovary tissues by mycelium has been recorded for 
a number of other ericaceous species of widely separated affinities 
(Rayner, 1915). It seems likely, therefore, that the habit described 
for Calluna is common in the family Ericaceae, although it may be 
manifested in different forms and the degree of dependence of 
seedling development upon infection may vary within wide limits. 
Experimental evidence has already been secured that in certain 
species, e.g. Erica cinerea, Erica tetralix and Pernettya mucronafa, 
development of the seedling, lacking infection, progresses no 
further than in Calluna. On the other hand, it has been stated 
recently by Melin (1921) that the seeds of a race of Azalea mollis 
investigated by him are free from mycelium. This, if correct, 
should involve a capacity for independent development in the 
resulting seedlings. 

For various reasons the genus Vaccinium is of rather special 
interest. The systematic affinities of the Vaccinioideae are somewhat 
uncertain, while the edible fruits produced by many species of 
Vaccinium constitute a claim to interest on the economic side; 
moreover, it was specifically stated by Stahl (1900) that roots of 
Vaccinium myrtillus remained entirely free from fungus infection 
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when plants were raised from untreated seeds in sterilised soil, and 
he added to this record the following generalisation: — "Wahrend 
manche obUgaten Mycorhizenpflanzen, wie wir friiher gesehen 
haben, der Anzucht aus Samen und der Kultur grosse Schwierig- 
keiten bereiten, lassen sich die Eiicaceen auch ohne Gegenwart von 
Wurzelpilzen unschwer kultiviren, und ihre Samen gehen, zwar oft 
langsam, aber in grossem Procentsatz und sicher ohne Mitwirkung 
symbiotischer Pilze auf Since the roots of Vaccimum myrtillus under 
normal soil conditions possess well-developed mycorrhiza of the usual 
ericoid type, this statement, if correct, precludes the possibility of 
infection from mycehum present on the seed-coat, and involves 
direct infection from the soil in the manner believed at one time to 
be invariable in mycorrhiza plants. 

With the view of elucidating the exact condition in the genus, 
a series of experimental researches on species of Vaccinium have been 
carried out by the writer subsequent to the year 1915. The species 
used for the greater part of the work were Vaccinium oxycoccus 
{Oxy coccus palustris) and Vaccinium macrocarpum. The results of 
these researches will shortly be published. They may be anticipated 
here by two statements bearing directly on the claim put forward 
by Stahl in the passage just quoted. It has been found that: 
(i) seeds of Vaccinium oxycoccus and Vaccinium macrocarpum are 
infected by their respective endophytes while stiU contained in the 
fruit, and (2) infection of the seed-coat of these species of Vaccinium 
is more deep-seated than in Calluna, These observations render it 
difficult to accept Stahl’s statement that plants of a closely allied 
species of Vaccinium ''voUig pilzfrei” after five months’ growth 
in sterilised soil (see p. 55). The fact of root-infection in Vaccinium 
was probably overlooked by Stahl, as more recently by Christoph 
in Callunay because the. formation of mycorrhiza is partially in- 
hibited in the roots of both species when growing in a sterilised 
medium. Under these conditions the demonstration of mycelium in 
the mycorrhiza cells of the roots demands a more careful technique 
than was bestowed upon it by either of these observers. 

Before leaving the subject of Vaccinium, the work of Coville on. 
the Blueberry, Vaccinium corymhosum, may be mentioned (Coville, 
1910, 1916, 1921). In an account of this species, cultivated for the 
sake of its berries on wet peat soils in the United States, Coville 
described and figured the mycorrhiza cells of the root but did not 
carry out experimental researches on the subject of infection. On 
general grounds of habitat and the known shortage of available 
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nitrogen compounds in peat bogs, he favoured the view that this 
species of Vaccinium can indirectly utilise gaseous nitrogen through 
the intervention of its mycorrhizal fungus. The positive results 
obtained by Temetz for the endophytes of other species of Vaccinium 
were cited by Coville in support of this opinion. 

Only one other member of the Ericaceae, viz. Arbutus unedo, the 
Strawberry Tree, has been the subject of experimental investigation 
in respect to mycorrhiza. Whereas, in the case of most members of 
the group, the external structure of the roots is ordinarily unaffected 
by the development of the endotrophic mycorrhiza, many of the 
lateral roots of Arbutus develop into small tubercles (Dufrenoy, 1917) , 



Fig. 43. old branched tubercle. (From Annals of 

Botany, 1924,) 

Dufr6noy’s material was obtained from plants growing wild in certain 
districts of south-western France, where Arhutus has a curiously 
limited distribution in the old Pine forests of Arcachon and 
La Teste but does not extend into the neighbouring Pine woods 
of Gascony. 

The structure of the mycorrhiza in this plant has recently been 
re-investigated more fuUy by Rivett (1924), using material from 
seedlings raised in the British Isles. Rivett describes two distinct 
types of root in Arhutus, long roots which form the main root 
system, and root tubercles, shown by the author to be arrested 
laterals and sub-laterals of the season’s growth (Figs. 43, 44). The 
long roots show a superficial network of mycelium with occasional 
penetration by hyphae; the t37pe of infection bears some resemblance 
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to the typical mycorrhiza of other members of Ericaceae but the 
intracellular development of the endophyte is relatively slight. The 
tubercles may be simple or branched, and are described as “ relatively 
impermanent'" organs. They originate from young lateral roots 
which suffer arrest of growth owing to profuse infection of the 
ectotrophic type. Subsequently, extensive endotrophic infection of 
the peripheral tissues occurs with rapid and complete digestion of the 
intracellular hyphae. Marked differences in the character of the 
mycelial growth, associated with the long roots and tubercles re- 
spectively, are described by the author who considers that the growth 
of the mycelium associated with roots is influenced by the presence 
of much mucilage on the emerging laterals, and by excretions from 
the ruptured tissues of the parent root. The presence of a mucila- 
ginous sheath over the surface of the young roots is held by Rivett 
to be a normal feature of the root system in Arbutus , in disagreement 
with the view expressed earlier by Dufrdnoy, who regarded it as a 
secondary feature associated with the presence of bacteria and algae. 
The mucilage is very variable in degree of development and may 
become conspicuous under dry rooting conditions. The roots of 
Calluna show a similar condition, the mucilage exhibiting precisely 
similar reactions to those described for Arbutus, In the former plant 
also it is abundantly developed in the neighbourhood of emerging 
laterals and around the young root-tips. In Calluna, as in Arbutus, 
it may become conspicuous when the rooting conditions are dry 
and may then serve to protect the young roots from drought. In 
both it is often well developed in perfectly clean young roots and 
doubtless plays a part in casual epiphytic infection by micro- 
organisms, perhaps also exerting a chemotactic influence on the 
initial infection of the seedling root by the mycelium of the endo- 
phyte in Calluna, (PL IV, Fig, 33.) 

A curious feature of these tuberous mycorrhizas of Arbutus is the 
development by some of the hyphae in the outer part of the fungal 
sheath of stiff bristle-like setae up to 0*1 mm. in length. They occur 
only on young tubercles and on superficial examination resemble 
root-hairs (Fig. 45). 

No information respecting the behaviour of uninfected seedlings 
of Arbutus is at present available. Ovarial infection has been 
recorded for the species (Rayner, 1915)- Whether this, as in Calluna, 
carries with it a similar mode of infection at germination, and whether 
seedling development is bound up with such infection, are questions 
awaiting experimental solution. In view of the marked difference of 
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Fig. 44. Afhutus unedo: longitudinal section of young tubercle; rc, root-cap; 
m, meristem; a, first infected cells; h, cell ’with contents completely 
digested and large granular nucleus; c, reinfected cells; external 
kyphae; s, suberised layer. (From Rivett, Annals of Botany t 1924 ) 
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structure and distribution of mycelium described it is tempting to 
speculate on the possible association of more than one fungus 
species with the roots of Arbutus. The presence of mycelium of 
more than one kind is not suggested by Rivett and must remain 



Fig. 45. Arbutus unedo: young tubercle with setae; 5 , setae; F, exterior 
fungal hyphae; R, root-cap cells of host. (From Rivett, Annals of Botany t 
1924.) 


a matter of speculation until the isolation and cultivation of the 
mycelium associated with the roots has been successfully accom- 
plished. 

Although Arbutus is exceptional in producing tubercles, the 
capacity for doing so exists in other species, e.g. in Calluna vulgaris. 
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The photograph in PL IV, Fig. 34 shows the formation of root- 
tubercles by a healthy plant of Ling from a typical callunetum in the 
south-east of England. The plant was vigorous and the roots showed 
no signs of pathogenic infection. The detailed structure of these 
tubercles has not yet been described. 

Councilman (1923) has recently recorded the formation of 
mycorrhiza by Epigaea repens in America. Herbarium material 
from northern Japan showed an identical condition, a fact used by 
the author as an argument that the relation prevailed in the plants 
at their common source before the last glacial epoch. It was observed 
that the mycorrhiza cells sometimes contained material derived 
from alteration of the enclosed mycelium, and that such cells might 
undergo fresh infection. Presumably, therefore, intracellular diges- 
tion, of a similar nature to that described for Calluna, takes place 
regularly in Epigaea. 

The mycorrhiza of Epigaea has not been the subject of experi- 
mental research, and Councilman has not at present correlated his 
observations with the results of experimental enquiry on Calluna 
and other members of Ericaceae. 

For the smaller groups included in the Ericales, the available 
data respecting root infection and the biology of mycorrhiza where 
it occurs, relate almost exclusively to the Pyrolaceae. The members 
of this family are grouped in two suT^-orders of which one, Pyroloideae, 
contains the chlorophyllous genera Fyrola and Chimaphila) the 
other, the Monotropoideae, includes Monotropa and the allied non- 
chlorophyUous genera usually described as holosaprophytes^. 

Mycorrhiza is formed by all members of the Pyrolaceae, and it 
has been pointed out by Henderson (1919) that it is possible to trace 
a series among the green forms showing a gradual transition from 
species with a relatively feeble production of mycorrhiza, e.g. 
CMmaphila umbellata, to others with heavier infection, e.g. C, 
maculata. In certain species of Fyrola some epidermal cells only are 
infected; in others, all the epidermal cells of the roots are filled with 
mycelium, there are indications of the formation of a fungal sheath 
about the root-tip, and rhizomes as well as roots are heavily infected. 
In the Monotropoideae, chlorophyll is not formed, and there is a 

^ The groups included by Engler in Ericales are as follows : — Clethraceae, 
Pyrolaceae, Lennoaceae, Ericaceae, Epacridaceae, Diapensiaceae. In other 
classifications the Vaccinioideae, a sub-order of Ericaceae, is treated as a 
separate family, Vacciniaceae, the genera Fyrola and CMmaphila are placed in 
Ericaceae, and the non-clilorophyllous members of Pyrolaceae (Monotro- 
poideae) separated as a distinct family, Monotropaceae. 
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conspicuous fungal sheath about the roots showing differentiation 
into two zones. 

In the paper to which reference has already been made, Christoph 
(1921) has given an account of his observations on members of the 
Pyrolaceae. Working with Pyrola uniflora, P. secunda, P. minor 
and P. rotundifolia, he reached the conclusion that, as in Ericaceae, 
no true symbiosis existed. Nor was he able to find any direct corre- 
lation between fungus infection and seedling ’development, or 
between infection and the formation of “coralloid'' roots. Root- 
infection was described as involving an intercellular development of 
mycelium, but in Pyrola a typical ectotrophic structure was found 
only in those species which possessed rhizomes and only when 
growing in soils rich in humus. 

The seeds of Pyrola rotundifolia, a species showing well-developed 
mycorrhiza in certain localities, germinated independently of 
infection, and the same was believed to be true for other species of 
Pyrola observed to germinate naturally on dry soil from which the 
fungus was judged to be absent. Seeds of the first-named species 
did not germinate upon sterilised soil, but success was achieved 
by the addition to the substratum of various organic substances, 
e.g. concentrated soil extract and peptone solution, the bestresults 
being obtained by supplying a mixture of these two substances. 
The effect of the root-fungus upon germination was apparently 
not tested. 

It was believed that all species of Pyrola are liable to infection 
by closely related fungi, the mycelium of which showed clamp 
connections.'' The mycelium associated with members of the 
Monotropoideae has no “clamp connections" and presumably, 
therefore, does not belong to members of the Basidiomycetes. 

In respect to the biology of fungus infection in Ericales, Christoph 
concluded that, except in the Monotropoideae, there is no evidence of 
exchange of nutritive material; in all other cases, the endophyte is 
a harmless parasite. 

In view of the predilection shown by many members of the 
Pyrolaceae for humus soils and their association with non-chloro- 
phyllous species, the results recorded by Christoph are somewhat 
unexpected. Members of the family have so many features in common 
with Ericaceae and Orchidaceae, e.g, the possession of small seeds 
and undifferentiated embryos, and a marked susceptibility to fungus 
infection, that it would not have occasioned surprise to find a 
similar dependence of seedling development upon invasion by the 
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root-fungus. Discussing the germination of dicotylous saprophytes '' 
in general, Goebel (1905) observed that it apparently took place 
only in very special surroundings: — "Probably the fungi which are 
found in the roots in symbiosis are essential.'’ 

The family Epacridaceae was one of those cited by Frank as 
likely to show specialised relations with root fungi. Alike in this 
group, in Diapensiaceae, and in Clethraceae, the mycorrhiza! relations 
require investigation. So far as is known to the writer, the field of 
enquiry is still entirely unexplored in respect to the mycorrhiza of 
the plants belonging to these families. 


EXPLANATION OF PLATES IV AND V 

Plate IV 
Calluna vulgaris 

Fig. 30. Seedling raised from sterilised seed; growing in nutrient agar inoculated 
at planting from pure culture of tlie endophyte, 27 days from planting. 
Inset, seedling of same age uninfected. 

Fig. 31. Seedling raised from sterilised seed; in aseptic culture on filter paper, 
27 days after removal from seed-dish. Inset, seedling of same age inoculated 
at planting. /, mycelium of endophyte. 

Fig. 32. Seeds removed from capsule before dehiscence, showing fungal 
infection of the seed-coats, h, hyphae. 

33* Tip of young root, showing mucilaginous sheath, m, mucilage. 

Fig. 34. Base of main stem, showing formations of tubercle roots. 

Plate V 
Calluna vulgaris 

Fig. 35. Mycorrhiza cells of root; mycelium in active condition; m, mycelila 
complex. X 1620. 

Fig. 36., Mycorrhiza cell in very early stage of digestion; ''clumping” of 
mycelium, x 1350. (From Fayner, The British Journal of Experimental 
Biology, 1925.) 

Fig. 37. Mycorrhiza cells in advanced stage of digestion, xgoo, (From 
Rayner, The British Journal of Experimental Biology , 1925.) 

Fig, 38. Mycelium in stem tissues. Fine hyphae in cells of pith extending 
into wood. xi6oo. (From Rayner, Rn/fsA Journal of Experimental 
Biology, 1925.) 

Fig. 39. Young root of cutting (cf. Fig. 29) rooted in sterilised sand, showing 
typical fungus infection. X325. (From Rayner, The British Journal of 
Experimental Biology, 1925.) 

Fig. 40. Cell from young root of cutting rooted in sterilised sand, showing 
intracellular mycelium and formation of "suppressed mycorrhiza.” (From 
Rayner, The British Journal of Experimental Biology, 1925.) 

Fig. 41. The endophyte of Calluna, Phoma radicis callunae’. sporing culture 
in dextrose agar, three months old; p, pycnidia. 

Fig. 42. P. r. callunae: mycelium from old culture (36 days) in dextrose agar. 






CHAPTER VII 

RECENT RESEARCHES 


Recent researches on endotrophic mycorrhiza other than that in Orchid- 
aceae and Ericaceae — Peyronel's theory of "double infection" — Jones — 
Demeter — ^McLennan; fungus infection in Lolium — Constantin — Fossil 
mycorrhiza: Weiss; Osborn. 

T he accounts of many independent observers will have made 
dear to the reader that the fungi concerned in the formation 
of endotrophic mycorrhiza fall into two fairly distinct groups in 
respect to their morphological characters. In one group are the 
Orchid endophytes, the mycelium of which possesses numerous 
cross walls and develops characteristic skeins or “pelotons" in the 
mycorrhiza cells. In pure culture these fungi form characteristic 
conidia and, whatever their immediate systematic affinities, they 
clearly belong to the Higher Fungi. In another group may be placed 
the endophytes of a majority of the herbaceous flowering plants, 
excluding Ericaceae and certain other obviously specialised groups. 
These are characterised by the formation of special organs — the 
“vfeicules,” "arbuscules,” and “sporangioles” recorded and 
figured by many observers. Vesicles have been variously interpreted 
as reproductive organs or as vegetative structures functioning for the 
storage of reserves; arbuscules are generally regarded as of the nature 
of haustorial branch systems, recalling those formed by members of 
the Peronosporaceae; as a result of digestive activity on the part of 
the host cells they assume an appearance formerly interpreted as due 
to the existence of special organs— the "sporangioles" of Janse and 
other workers. ^ 

The widespread distribution of intracellular infection of the latter 
type was first put on record by GhUaud, who described and illus- 
trated mycelium bearing arbuscules and vesicles from the roots of 
a large number of species of very varied af&nities. 

The presence of mycelium belonging to two distinct types in the 
mycorrhiza of flowering plants was suggested by the records of more 
t han one observer and had led to some confusion in the literature, but 
the actual occurrence of such a condition was purely conjectural. 
Of observations pointing to such a composite type of infection may be 
mentioned those by Mollberg (1884) on Epipactis and Platanthera 
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describing v6sicules''in the roots of those Orchids in addition to the 
characteristic intracellular "'pelotons/' and also those of Gallaud 
(X915) on the presence of ''pelotons” resembling those of the Orchid 
fungi in the root cells of T amus and Psilotum, side by side with typical 
arbuscules. Gallaud noted also that the roots of certain plants, 
e.g. Allium $phaerocephalum and Ruscus aculeatus, contained 
mycelium bearing arbuscules and vesicles with which were associated 
stromata similar to those produced by the Orchid fungi in pure 
culture. These and similar inconsistencies of structure were believed 
to depend upon the reaction of the endophyte to physiological 
differences in the root cells. 

The observations recorded by Petri (1918-1919) on Vine and 
Olive were even more confusing. By placing mycorrhizas of these 
plants in moist chambers and allowing them to decay, this worker 
believed that he had secured evidence that the same mycelium which 
bore vesicles and arbuscules within the mycorrhiza cells, produced on 
the surface conidial fructifications quite analogous to those observed 
in cultures of the Orchid fungi by Bernard and Burgeff. Finding, as 
he believed, the same type of mycelium in plants so diverse as Vine, 
Olive and the Orchids, Petri deduced the conclusion that the fungi of 
endophytic mycorrhiza belonged to a single group, thus endorsing the 
views expressed earlier by Janse and Gallaud. 

The theory involving explicit recognition of simultaneous in- 
fection by two distinct fungi is due to the Italian botanist PeyroneL 
The work of this observer on the fungi concerned in the formation of 
tree mycorrhizas will be discussed in a later section of the present 
work (Peyronel, 1920, 1921, 1922 b, 1924) . In addition, he has recently 
reviewed and criticised the views expressed by other observers on the 
aspect of endotrophic infection now under consideration, and has 
carried out independent observations on the same subject. Plis own 
researches were designed to test the hypothesis of dual infection in 
endotrophic mycorrhizas showing, as he believed, two distinct types 
of mycelium. His observations have led to the publication of a new 
theory of endotrophic infection to which attention must now be 
directed (Peyronel, 1922 c, 1923, 1924). 

From the time of his earlier researches on Wheat, Peyronel was 
struck by the dimorphic character of the mycelium in the mycorrhiza 
of that plant, the differences being sufficiently well marked, in his 
view, to suggest the presence of two independent fungus species. 
After long consideration he rejected this view, partly by reason of the 
arguments put forward by other workers, and partly because the two 



Double Infection 1 1 5 

types of mycelium were not infrequently present in the same cells and 
did not lack structural features in common. His later observations, 
however, have led to a different interpretation of the facts, in sharp 
contrast with the opinions of Janse, GaUaud and Petri, and with his 
own earlier views. Peyronel's conclusions may be summarised 
briefly as follows. 

The endophytes of Orchids on the one hand, and of the majority of 
flowering plants on the other hand, belong to two entirely different 
groups of the Fungi; the former are members of the Eumycetes, the 
latter show characters resembling those of the Phycomycetes. In each 
case, a number of biologic forms belonging to one or a small number 
of species are probably included. It is regarded as certain by Peyronel 
that endotrophic infection in a majority of mycorrhiza plants is of 
composite character, involving the presence of two endophytes; one, 
usually less developed, of the Rhizoctonia type familiar in Orchids, 
the other showing Phycomycete characters. Themyceliumof thelatter 
is recorded as widely distributed in damp humus soils, where it forms a 
fine network investing the roots of plants and passing from one to 
another. It flourishes under purely saprophytic conditions and may 
be found growing strongly in dead tissues in situ and in fragments of 
plant material in the soil. When hving saprophytically it produces 
vesicles and lateral branch systems analogous to arbuscules. 

In a majority of plants with endotrophic mycorrhiza, infection by 
the Orchid type of fungus supervenes upon that by the mycehum 
producing vesicles and arbuscules. The former develops chiefly in the 
outer cortex where it overgrows that producing arbuscules; it 
behaves rather as a g^^^^a^s^-parasite or saprophyte than as a true 
symbiont and is easily extracted and grown on artificial media. 

In many endotrophic mycorrhizas, therefore, two distinct phases of 
infection may be recognised ; an earlier, depending upon invasion by a 
fungus of the familiar arbuscule-producing type, and a later, in which 
a second organism of the Rhizoctonia type is also present. Fungi 
showing characters similar to the Rhizoctoniae of Orchids have been 
isolated by Peyronel from a number of different species of flowering 
plants, including several cereals, viz. Triticum sativum, Zea mais, 
Hordeum vulgare, Solanum tuberosum, Nicotiana tabacum, Dauous 
carota, Beta vulgar is, Arum italicum, Euphorbia peplus, Circaea alp^na 
and Saxifraga rotundifolia. All the endophytes resembled one another 
and behaved in pure culture like those isolated from Orchids by 
Bernard, Burgeff, and Constantin and Dufond. Peyronel has 
accordingly accepted the generic name Rhizoctonia for these fungi. 
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The form isolated from Wheat has been re-inoculated into aseptic 
seedlings and has reproduced a mycorrhiza with typical “pelotons'' 
but without the arbuscules and vesicles ordinarily also present in 
Wheat mycorrhiza (Fig. 46). 

The endophytes belonging to the other group have not yet been 
isolated, but Peyronel has observed mycelium in dead roots and in soil 
similar to that in living roots. He has also identified it in cork and in 
fragments of bark of pot plants of Citrus, Olea europaeus, and Morus 
nigra. Moreover, when dead roots known to he infected were ex- 
amined at intervals during the autumn and winter, the production of 
large numbers of vesicles could be observed. PeyroneFs recent 
researches on dead roots of Wheat, Maize and wild grasses are 



Fig. 46, Mycelium and moniloid chains produced in pure culture by a form of 
Rhizoctonia isolated from Wheat. Compare fig, 15 showing similar struc- 
ture of an Orchid endophyte. Original x 375. Reduced about J. (From 
Peyronel, 1924.) 

reported to have established the direct relation of the vesicles with 
mycelium bearing arbuscules, so confirming his view that the former 
are sporangia of the same fungus in various stages of development. 
The spores eventually formed are constant in size and shape and are 
«et free by changes in the sporangium wall (Fig. 47). 

In the absence of sexual organs the evidence at present available 
is not regarded as sufficient to assign these fungal forms to a definite 
systematic position. It is suggested that they show affinities with 
the genus Endogone, a small group classed at one time with the 
Gasteromycetes or the Tuberaceae, more recently assigned to the 
Hemiascii by Baccarini (1903) and to the Odmycetes by Bucholtz 
(1911, "12) . The sporangia of Endogone macrocarpa figured by Tulasne 
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and reproduced by Schroter and Fischer are noted by Peyronel as 
remarkably like the vesicles produced by many mycorrhizal fungi. 

Peyronel has hkewise drawn attention to the isolation by Bernard 
(1911 a) of a fungus showing Phycomycete characters from the 
roots of Solanum dulcamara. A similar form was subsequently ex- 
tracted from plants of the same species by Magrou (1921) who named 
it Mucor solani. He has pointed out also that the existence of what may 
be called a normal radicicolous flora — “ flora radicicola normale — on 



Fiff 47 Fructifications of an endophytic fungus bearing vesicles and arbus- 
?uies, from Maize and Wheat, i. Group of ripe sporangia: m.L internal 
membrane of a sporangium partly detached from the external membrane; 
p,c, conical processes on the internal surface of^ the sporangiim wall. 
2. Ripe sporangium with spores. 3. Spores. Original x 500. Reduced 
about J-. (From Peyronel, 1923.) 

the roots of wild and cultivated plants at a certain stage of development 
is of practical importance in view of the fact that many of the fungi 
present are facultative parasites, the excessive development and 
virulence of certain constituents being possibly directly related to 
soil conditions. It is believed that the development of mycorrhiza in 
general is greatly accentuated in soils seldom cultivated andpenneated 
with roots; hence its abundance in pasture fields and relative in- 
frequency in cultivated plants and in ruderals. 

It has recently been stated by Magrou (1921) that annual plants 
do not form mycorrhiza, or do so in a very transitory form. This 
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statement is not acceptable to Peyronel, who has observed vigorous 
and persistent mycorrhizas in many annual plants under suitable 
conditions, e.g. in Tritiaim aestivum, Hordeum vulgare, Zea mais and 
Secalecereale.Thtih.toTj oi Bernard (1909a) associating the perennial 
habit in general with fungus infection has also been rejected as 
incompatible with his own observations. 

Peyronel (1924) has recently published a long list of species in the 
mycorrhiza of which he had observed the dual type of endotrophic 
infection. They are distributed among 37 families, so that, assuming 
the correctness of these observations, this type of infection may be 
regarded as widespread among flowering plants. 

It is of interest to compare PeyronePs observations on leguminous 
species in Italy with those recorded independently by Jones (1924) in 
the mycorrhiza of a number of cultivated legumes in the United 
States. Jones' observations were made first upon peas and subse- 
quently extended to other crop plants. He noticed that a majority of 
apparently healthy lateral roots of the former plant showed con- 
spicuous discoloration due to infection by a coarse non-septate 
mycelium with a profuse development of arbuscules and vesicles, 
i.e. of the characteristic Phycomycete type distinguished by Peyronel. 
Infection of this kind was observed also in greater or less degree in 
the roots of other leguminous crop plants, four of which, Melilotus 
officinalis, Medicago sativa, TrifoUum fratense and T. repens are 
included in PeyronePs list (published subsequently) as showing dual 
infection. Neither in the account given by Jones nor in his figures is 
there any suggestion of the presence of another endophyte with 
distinct morphological characters. Since the Rhizoctonia type of 
infection follows the other, this omission may have been due to the 
age of the roots, or the distinction of the two types of mycelium may 
have been overlooked by the American observer. Attempts to extract 
the fungus from infected roots were unsuccessful. 

The observations made by Jones are obviously incomplete, but are 
of interest as indicating the uniformity and widespread character of 
the Phycomycete type of mycorrhizal infection. While admitting that 
the relations of the root cells with the mycelium were not of the 
ordinary parasitic kind, he was not able to detect any beneficial 
effect upon the host plants, and indeed observed indications that 
leguminous crop plants benefited when protected from root infection 
by sterilisation of the soil before planting. Decisive evidence bearing 
on this matter can be obtained only by isolation of the endophyte or 
endophytes and ''pure culture” experiments with infected and un- 
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infected plants, and even then the results must be applied with great 
caution to plants growing naturally. 

Under the name of Flasmoptysen-Mykorrhiza'' Demeter (1923) 
has recently described a type of root infection characteristic of 
Asclepiadaceae and Apocynaceae, with special reference to the mycor- 
rhiza of Vinca minor. On experimental grounds he concluded that the 
mycotrophic habit is obligate in Vinca when growing under natural 
conditions, about two-thirds of the roots showing infestation. The 
manner of infection is related by the author to the presence of 
special cells, ''KurzzeUen,'' in the sub-epidermal layer (exodermis) of 
the root, corresponding to the “cellules de passage” mentioned by 
Janse (1896-7) and the “Durchlasszellen” of Burgeh (1913) mother 
plants. Root infection is continuous throughout the year from early 
spring onwards. The general type of structure is that made familiar by 
Gallaud (1905) : the mycelium, mainly intercellular in distribution at 
first, becomes intracellular owing to the development of haustorial 
branch systems or “arbuscules” which undergo degeneration later 
to structureless sporangioles. Terminal and intercalary vesicles of the 
usual kind are freely produced (see note i on p. 128). 

The specific name given to this mycorrhiza by the author followed 
upon a cytological study of the arbuscules, of which the tips of the 
ultimate branchlets lose their identity, and become imbedded in a 
finely granular matrix staining deeply with haematoxylin. This 
structure is attributed by the author to bursting of the hyphal tips 
and liberation of the contents owing to the action of acid present in 
the cell sap. Alternatively, it is suggestedthat it may bebrought about 
by an excessive rise in the osmotic content of the hyphae, due to 
enzyme activity and the intake of sugar (see also Burgeff, 1909). 
Demeter favours the former interpretation and has obtained evidence 
of similar behaviour on the part of the mycelium in artificial cultures 
when the fungus is grown on media containing hydrochloric acid at a 
concentration of about 0.025 The structures described were named 
“ Plasmoptyse ” by the author, who has accordingly adopted the name 
“Plasmoptysen-Mykorrhiza” for the type of mycorrhiza found in 
Vinca minor. Careful study of the figures supplied leaves some doubt 
as to how “Plasmoptyse” differ from the earliest phase in in- 
tracellular digestion, i.e. the initial stage in the conversion of 
arbuscules into sporangioles. In respect to the identity of the 
endophyte, the conclusions reached also provoke criticism. Fungal 
forms showing identical characters were isolated independently from 
plants growing in three separate localities. Under cultivation, this 
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fungus, believed by Demeter to be the endophyte, showed morpho- 
logical characters resembling those of ‘the Orchid fungi and was 
named Rhizoctonia apocynacearum accordingly. On the other hand, it 
is recorded that marked dimorphism of the hyphae and great varia- 
bility were exhibited in single cultures, according to the nature of the 
nutrient supplied . The author figures mycelium and conidia resembling 
those of the Orchid endophytes from artificial cultures and alludes 
also to the production of arbuscules '' and '' Plasmoptyse '' in similar 
colonies, Diese ' Plasmoptyse ' wurde an den in Reinkultur gezogenen 
Endophyten kunsthch ausgefuhrt und erfolgte im Optimum bei einer 
Saurekonzentration von etwa 0.025 ^ HCL./' but he does not figure 
mycelium bearing these structures and also conidia simultaneously. 
In view of Peyronebs (1924) recent conclusions respecting dual in- 
fection, i.e. the existence in many plants of secondary infection by a 
fungus of the Rhizoctonia type superimposed upon primary infection 
by an endophyte bearing vesicles and arbuscules. Demeter's views 
challenge attention. The production of conidia of the Rhizoctonia 
type in pure culture by a mycelium which also produces vesicles and 
arbuscules has never before been recorded and is in direct disagree- 
ment with PeyroneFs conclusions. Indeed, the isolation and cultiva- 
tion of an endophyte producing arbuscules is recorded for the first 
time in this paper. Inoculation experiments did not reproduce the 
mycorrhizal condition observed in roots growing naturally. 

Peyronel (1924) has since included Vinca minor in his list of plants 
showing the dual type of infection. In view of this, and of the un- 
satisfactory character of the evidence supplied by Demeter in respect 
to the identity of the endophyte isolated by him, the conclusions 
reached by the latter require confirmation. 

The claim put forward by Peyronel that “double infection" is a 
frequent and regular phenomenon in endotrophic mycorrhiza is of 
considerable interest as providing a reasonable explanation of 
certain observed inconsistencies of structure. It is supported by 
evidence of a suggestive kind but can hardly be regarded as definitely 
established.. In the more specialised groups, evidence for its occurrence 
is at present almost negligible; records are extremely rare for Orchids 
and do not exist for members of Ericaceae. It may be that greater 
specialisation to the symbiotic relation carries with it an increased 
resistance to invasion by the “Phycomycete type" of mycelium. 
On the other hand, the fact that the latter has hitherto resisted iso- 
lation, except in the not very satisfactory case reported by Demeter, 
in itself constitutes evidence of relatively great specialisation in 


Infection in Lolium I2i 

respect to the symbiotic habit, and is somewhat inconsistent with the 
wide saprophytic distribution reported in dead roots and organic soils. 
The endophytes of the Rhizoctonia group are described as showing 
morphological characters identical with those of the Orchid fungi. 
The latter show a high degree of specialisation in relation to particular 
hosts, although they grow as saprophytes with comparative readiness 
in pure culture. Peyronel himself has aUuded to the Rhizoctonia forms 
from double mycorrhizas ” as behaving rather as saprophytes than as 
true symbionts, and he isolated them with comparative ease from a 
number of mycorrhizas. It is possible that edaphic factors may be of 
importance and it is evident that the whole subject offers a profitable 
field for further investigation. 

The endophytic fungus of Lolium described by McLennan (1920) 
merits notice, more especially in view of the occurrence of seed-coat 
infection in Ericaceae. The existence of fungal infection in the grains 
of Darnel Grass [Lolium temulentum) had long been known. Papers 
dealing with the subject were published by Vogl (1898), Guerin (1898), 
Hanausek (1898) and Nestler (1898). Hiltner (1899), working at the 
physiology of the relation, believed that a case for nitrogen fixation 
had been experimentally established. Subsequently papers appeared 
by Micheletti (igoi) and Freeman (1903, '04, '06), the latter recording 
sporadic infection of a similar kind in grains of other species of 

The whole subject has recently been reinvestigated by McLennan 
(1920), who has shown that the occurrence of fungal infection in the 
genus Lolium is wider and more constant than was believed. In- 
fection of the grains of Lolium temulentum and Lolium perenne was 
found to be the rule, from whatever part of the world seed was 
obtained. The ultimate origin of infection in the genus is stih unknown. 
Mycelium is present in the embryo-sac at, or immediately after, 
fertilisation, before the ovum divides. Infection spreads into the 
nuceUus and carpel walls, but is limited in extent by the absorption 
of mycelium, which is apparently utilised as a source of food supply 
by the developing embryo. Ordinarily, a persistent layer is formed 
around the endosperm, although — "'if the fungus does not keep 
pace with the absorbing power of the endosperm, no hyphal layer is 
formed in the ripe grain, but hyphae can then be found in the 
scutellum and embryo.'' After germination the mycehum grows 
pari passu with the seedling tissues, following the development of the 
stem apex. 

The distribution of the mycelium is mainly intracellular and 
individual parenchyma cells of the young grass stems may contain a 
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dense network of hyphae. At the flowering period mycelium is 
abundant at the base of the carpels, whence hyphae extend to the 
developing ovules. All attempts to isolate the fungus have been un- 
successful and no experimental evidence was obtained by McLennan 
in support of the view that nitrogen-fixation is a function of the 
endophyte. Nevertheless, it is believed that — the association of the 
fungus Umulentum and Lolium perenne is probably a 

well-marked case of symbiosis, comparable in many respects with 
that met with in Calluna vulgaris y The formation of (root) mycor- 
rhiza in Lolium had not been recorded by any observer at the time this 
paper was written. McLennan (1926) has since made a further con- 
tribution to the subject, recording the presence of endotrophic 
mycorrhiza in the roots of Lolium and describing in detail the cytology 
of root infection in one species, L. temulentum. 

For some unexplained reason the formation of mycorrhiza by 
members of Graminaceae was long overlooked. Schhcht (1899) noted 
it in Holcus mollis and Festuca ovina : Schrdter (1908) recorded his own 
observations and those of Schnellenberg on various alpine grasses. 
Jefferies (1916), describing the piliferous layer of the root of the 
Purple Heath Grass {Molinia coerulea), noted the frequent presence 
of mycorrhiza — “the mycelium being visible in the cells and on their 
surface, and occasionally penetrating to the cells of the second row.” 
More recently, Peyronel (1922 c) described the mycorrhiza of Wheat 
and a number of other cereals as due to infection by a fungus pro- 
ducing the characteristic arbuscules and vesicles associated with 
endotrophic infection. To these records is now added that of McLennan 
for four species of Lolium, namely, X. t&mulentum, L. perenne, 
L, multiflorus, and L. subulatum. 

The mycorrhizal fungus of Darnel Grass is of the Phycomycete 
type distinguished by Peyronel, characterised by the production of 
vesicles and arbuscules and the conversion of the latter organs to 
sporangioles as a consequence of digestive activity. The distribution 
of mycelium is similar to that recorded for Arum maculatum by 
Gallaud, the hyphae, intracellular in the outer layer of the root, 
becoming both inter- and intra-cellular in the deeper tissues. The 
mycorrhiza is described as “ a particularly favourable one for studying 
the cytological details,'" and McLennan has drawn certain inferences 
respecting exchange of nutritive material from an intensive study of 
the infected cells. These will be considered later when reviewing the 
evidence relating to nutrition in mycorrhiza-plants in general. 
(PL VII, Figs. 61, 62.) 
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There is at present no evidence whatever bearing on the identity 
or otherwise of the two endophytes of Lolium, i.e. the mycorrhizal 
fungus proper and that associated with the fruit, seed and vegetative 
tissues of the shoot. The distribution of mycelium in the tissues of 
the seedling inevitably challenges comparison with that of various 
members of the Ustilaginaceae. It is greatly to be desired that future 
work may render it possible to isolate and cultivate the fungus or the 
fungi present in LoUum, and thus throw light on the systematic 
affinities of the endophytes and provide further evidence as to the 
biologic relations existing in this interesting case of symbiosis. 

Another remarkable case of endophytic fungus infection other than 
that responsible for mycorrhiza formation has been reported in the 
family Bromeliaceae. On the older view, the epiphytic members of 
this group were reported to obtain the requisite nutritive materials 
from the decomposition products of vegetable remains and small 
insects caught in the gummy secretion of the leaves. Certain recent 
observations on Tillandsia dianthoides provide evidence that this, at 
least, is not the only explanation. A plant of this species, hanging 
freely from a wire, was kept under observation for fifteen years and 
observed to grow and flower regularly; no evidence was found that 
any mechanism existed for holding water or for capturing and 
digesting insects. Like other epiphytic bromeliads, this species of 
Tillandsia forms scale-like structures or ''lepidotes upon the surface 
of the shoot. On investigation, these proved to be small receptacles 
connected with deep-lying groups of cells. The cavities, in addition 
to the presence of organic and inorganic detritus, showed regular 
infection by a septate mycelium present in relatively great abundance. 
The fungus responsible was isolated and identified as a species of 
Volutella. It is assumed that the relation between the Tillandsia plant 
and the fungus is one of beneficial symbiosis, the latter suppl5dng 
nitrogenous food material to the green plant (Dubois, 1925 a, b, c). 

Chiovenda (1920) has recorded the rare fungus Mynostoma 
calif orme for the second time in Italy. It was found closely associated 
with the roots of Polygonum persicaria, in which it was believed to be 
responsible for the formation of endotrophic mycorrhiza, 

Ramsbottom (1922) has drawn attention to the association of 
small undifferentiated seeds with obligate mycotrophy in the families 
Orchidaceae, Burmanniaceae, Ericaceae, Pyrolaceae, and Gentian- 
aceae, and has noted the numerous records of difficult or unsatis- 
factory germination and their possible significance in relation to 
fungus infection. The mycorrhizal associations existing in Gentian- 
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aceae have been insufficiently explored and would probably repay 
. experimental study. Many of the members of this group are plants 
showing marked edaphic peculiarities, and not a few of them are 
difficult subjects in horticultural practice. Frank (1887 &) and Schlicht 
(1889) cited Menyanthes trifoUata as a typical case of non-infection, 
and the latter even mentions Gentianaceae as a group in which he 
had been unable to find infection in the plants selected for examina- 
tion. ''Von den Familien aus denen ich Pflanzen untersucht habe, 
konnte ich eine Verpilzung der Wurzeln nicht beobachten bei folgen- 
den: Crassulaceae, Scleranthaceae...Gentianeae...Cariceae.''^ Stahl 
(1900) alluded to the existence within the group of species recorded 
as free from infection, e.g. Limnanthemum and Menyanthes; together 
with the holosaprophytic species of Voyria described by Johow 
(see PI. I). Stahl himself provided a long list of species — alpine and 
other species of Gentian, Erythraea centaurium and Chlora per- 
foliata, in which he had observed regular infection. Schroter (1908) 
afterwards confirmed these observations for a number of alpine 
Gentians. It was suggested by Holm (1897) that the curious gentian- 
aceous species Ohlaria virginica was a connecting link between the 
typical green members of the family and the saprophytic forms 
Voyria and Voyriella. In Ohlaria the green colour of the shoot is 
masked by the presence of anthrocyanin in the epidermis; the root 
system shows a "coralloid” habit and typical endotrophic infection; 
there are no root hairs. 

The relation of mycorrhiza to pathological conditions in roots has 
interested mycologists from the time of Theodor Plartig onwards. 
Discussing this matter in reference to certain plant diseases, especially 
those of Sugar Cane, it has been pointed out recently that disturb- 
ance of the normal activity of the mycorrhizal fungus may lead to 
secondary invasion of roots by bacteria or parasitic fungi, e.g. species 
of Marasmius or Rhizoctonia (Constantin, 1924). Parasitic members 
of the latter genus cause much damage to plants and some of the 
pathogenic forms closely resemble the endophytes of Orchids 
(Constantin, 1925). Observations of this kind raise questions of great 
practical interest, especially in relation to tropical agriculture. It 
may be possible to correlate them with isolated observations by other 
workers, e.g. those on the bacterial investment of ericaceous roots in 
calcareous soil (Rayner, 1913), and also with the formation of 
"Pseudomykorrhiza'' in the Conifers, and the invasion of roots of 

^ The only member of Gentianaceae mentioned in Schlicht's list of species 
examined is Menyanthes trifoUata I 
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these trees by fungi of a more or less pathogenic character under 
certain soil conditions (Melin, 1923 a, 1925 c). 

In view of the possible affinities of the family Aristolochiaceae 
with parasitic or semi-parasitic groups Uke the Raffiesiaceae, Loran- 
thaceae and Santalaceae, the formation of mycorrhiza by Asarum 
europaeum, recorded by Schwartz (1912), is noteworthy. 

In this plant, an uncommon and somewhat doubtfulmember of the 
British flora, the young adventitious roots are reported to form endo- 
trophic mycorrhiza of a typical kind. It is apparently inconstant in 
appearance, being absent from individual plants from certain stations 
and also from Aristolochia sipho, another member of the same group. 
Schwartz described and figured intracellular infection of the inner 
layers of the cortex, with disappearance of starch from infected cells. 
It was noted that the endophyte resembled those of Thismia and 
Neottia, In the outer cells of the infected zone the hyphae formed 
rather loose coils or ^'pelotons'' while the cells of the innermost 
cortical layer showed typical intracellular digestion of the mycelium. 
The formation of ''arbuscules” was not observed, but the author 
recorded the presence of spherical and pear-shaped vesicles of the 
familiar type. In the light of Peyronehs "double infection" hypo- 
thesis and in view of Schwartz's tentative suggestion that in Asarum 
the mycelium bearing these may belong to a different fungus, the 
mycorrhizal condition in Asarum might repay further investigation^. 

The part played in nutrition by the fungi present in endotrophic 
mycorrhiza, and the biological significance of root infection in rela- 
tion to differences of soil and other external factors continues to be 
a subject of controversy. There is a strong prima facie case for a 
beneficent action upon the nutrition of the host based upon cyto- 
logical and microchemical evidence. To supplement this, data derived 
from pure culture experimental researches on certain groups is now 
slowly accumulating. The whole subject will be dealt with more fully 
in a later chapter. 

Fossil Mycorrhiza 

In view of the wide distribution of mycorrhiza at the present day 
and also of its biological significance, observations suggesting its 
occurrence in fossil plants are of considerable interest. The evidence 
relating to fossil fungi in general was summarised by Seward (1898), 
who concluded that there is fairly good evidence for the existence of 
phycomycetous fungi in Permo-carboniferous times, the earliest 
1 See note 2 on p. 128. 
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reliable records for the Higher Fungi occurring much later, in Post- 
paleozoic or even Tertiary times. 

The '' coal-balls'' from which so much of the evidence relating to 
Paleozoic plants has been derived, often contain mycelium in and 
about the fragments of roots and other plant organs which they en- 
close. Records of hyphaein the tissues of plant fossils are also common, 
and the mycelium occasionally shows characteristic morphological 
features, e.g. the presence of spherical or pear-shaped swellings or 
vesicles. Mycelium identical in appearance is associated also with 
plant fragments in peat deposits of various ages and belongs almost 
undoubtedly to fungi growing saprophytically in a matrix of decom- 
posing plant residues. Some of the fossil records are believed to point 
also to the occurrence of parasitic mycelium in plant tissues, and in 
general, the evidence relating to fossil fungi indicates a mode of life 
similar to that of the forms now in existence. 

In the cortical tissues of Lepidodendron or Stigmaria, Seward 
has figured mycelium distributed in the middle lamellae of the cell- 
walls and forming localised swellings or vesicles within the cells. This 
recalls the habit observed in endotrophic mycorrhizas at the present 
day but the material is too scanty to constitute a definite claim for 
the existence of mycorrhiza in members of this group of fossils. 
There are, however, at least two records pointing to the formation of 
mycorrhiza by Paleozoic plants. 

Weiss (1904) described a root-like structure containing mycelium 
from the Lower Coal-Measures under the name of Mycorrhizinmm, 
The fossil consisted of fragments of slender roots or possibly leafless 
rhizomes, the cortical tissues of which provided evidence of differ- 
entiation in respect to fungal infection, in itself an indication of 
mycorrhizal structure. 

The distribution of mycelium was mainly intracellular with a local 
development of spherical and pear-shaped swellings or vesicles, and 
•some evidence that intercellular growth of hyphae also occurred. 
Even more convincing evidence was provided by the structure of the 
middle cortical region, many of the cells in which contained dark- 
coloured structureless masses connected with the surrounding cell 
walls by radiating strands. The preservation of the tissues was 
fortunately sufficiently good to permit the identification of these 
strands as hyphae, and the general structure closely resembled that 
of corresponding cells containing mycelium in the ''clumped" stage 
of digestion in the endophytic mycorrhizas of Psilotum and many 
other plants (PI. V, Figs. 36, 37). 
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Another fossil mycorrhiza was described five or six years later by 
Osborn (1909) in Amyelon md^icans, the root of CordaiteSf the well- 
known genus of Mesozoic Cycads. It had been observed previously 
that these roots often showed a development of clustered laterals of 
stunted growth, and Osborn's discovery that young rootlets from the 
clusters showed profuse infection of the cortical tissues by mycelium, 
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Fig. 48. Mycorrhiza from the Coal-Measures. Transverse section sliowing a 
portion of the external tissues of a fossil mycorrhiza. A cell of the exo- 
cortex contains fungal hyphae {h), and one of the cells of the medio- 
cortex a *'clump’* formation (c). (From Weiss, Ann. of Bot., 1904.) 



Fig. 49. Mycorrhiza from the Coal-Measures. Tangential longitudinal section 
through the medio-cortex of a fossil mycorrhiza. The cells contain mycelial 
clumps*' connected by hyphae with the cell- walls. (From Weiss, Ann. of 
Bot., 1904.) 


led him to classify them with the '"coralloid” roots so characteristic 
of living mycorrhiza plants. The localisation of infection to certain 
tissues and the absence of any apparent injury to the root cells also 
pointed to their mycorrhizal character. Many cells of the inner cortex 
were filled with tangled skeins of mycelium, others provided clear 
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evidence of intracellular digestion, while the formation of vesicles was 
a structural link with the fungi of recent mycorrhizas. 

The general relation to the tissues of the hosts shown by the 
endotrophic mycelium in both these fossils, the evidence for simul- 
taneous existence of intracellular hyphae in an active condition 
(Pilzwirthzellen) and similar hyphae in the course of digestion by root 
cells (Verdauungszellen), together with the morphological characters 
of the endophytes, constitute an irresistible case for regarding them 
both as endotrophic mycorrhizas of very similar structure to those 
formed by living plants. If this view is correct, the habit of forming 
root associations of a harmless or beneficial kind with soil fungi must 
have been weU established in vascular plants as early as the Coal- 
Measure Period, . 

Note I, see p, 119. 

Earlier, Busich (1913) had investigated eighteen species belonging to ten 
genera of Asclepiadaceae of which eleven species showed regular infection, 
three occasional infection, and four complete freedom from infection whenever 
examined. Succulent members of the group possessed t3rpical mycorrhiza. 
In all cases the mycelium was of the usual type with vesicles and arbuscnles 
and suffered extensive intracellular digestion. These observations were believed 
to support Stahl’s view in respect to a direct relation between scanty trans- 
piration and mycorrhiza. 

Note 2, see p. 125. 

The presence of mycorrhizain marsh plants has been regarded as exceptional. 

I am indebted to Miss E. Mason of the Botanical Department, University 
of Birmingham, for enabling me to confirm her observation that endotrophic 
mycorrhiza occurs regularly in a number of salt marsh plants, e.g. in Plantago 
coYonopus ond P , maritima, Aster tripolium, Glaux mantima^ and certain grass 
species. In all cases observed the mycelium was of the familiar Phycomycete ” 
type subject to intercellular digestion of the usual kind. 



CHAPTER VIII 

TREE MYCORRHIZA 


Ectotrophic mycorrhiza : Muller; Moller; McDougall — Peyronel: the 
fungi responsible for f ornaing mycorrhiza in trees — Melin : the mycorrhiza 
of Pine, Spruce, Larch, Aspen and Birch; the ecological and physio- 
logical significance of tree mycorrhiza; application of experimental 
results to field conditions and forestry — Falck’s work on the decomposi- 
tion of humus. 

AFTER the publication of StahPs paper on the subject in 1900, 
jCx. interest in mycorrhiza was transferred temporarily to plants 
showing the endotrophic type of infection. The first fifteen years of 
the new century were comparatively rich in researches dealing with 
the cytology of intracellular infection and saw also the application of 
new and fruitful methods of experiment to the study of such special- 
ised groups as the Orchids and Heaths. The possible importance of 
the ectotrophic type of mycorrhiza, characteristic of so many forest 
trees, as a factor affecting growth continued, however, to attract 
attention. A classical contribution to the subject was made by 
Muller (1903 a) who pubhshed an account of his observations on 
Spruce and Mountain Pine in Jutland. 

Spruce is an important forest tree in the heath region of Jutland, 
and widespread failure in its culture had attracted the attention of 
foresters- After a satisfactory start, the trees suffered a severe 
check, as evidenced by diminished annual growth, decreased size of 
the needles and dying back of the tops. Whole plantations suffered in 
this way, either dying off completely or making a slow recovery — 
in either case causing considerable loss of revenue. Clearing the 
land of heather before planting and better cultivation caused no 
improvement, but good results were obtained by planting the 
Mountain Pine, Pinus montana, as a nurse tree in young plantations 
of Spruce. Miiller sought an explanation of this fact and, after 
examining the factors likely to be operative, fixed upon the my- 
corrhiza of the Pine as the chief agent responsible for the improve- 
ment. He had previously described and figured two forms of my- 
corrhiza in the Mountain Pine (1902) : {a) a racemose form with 
ectotrophic mycorrhiza, and [h) a dichotomous form with endotrophic 
mycorrhiza: in Spruce, on the other hand, he observed only aform with 
racemose branching and ectotrophic structure. Muller argued that 
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just as Clover and other leguminous species indirectly provide nitro- 
genous food for other plants by means of their root tubercles, so the 
Mountain Pine with its endotrophic mycorrhiza, furnished to the 
Spruce nutrient material inaccessible to the latter when growing 
alone. Noting that heather and other heath plants also possessed 
endotrophic mycorrhiza, he inferred that heath conditions were 
better suited to the Mountain Pine than to Spruce. 

If proved, this interesting hypothesis would have an important 
bearing upon practical forestry. Unfortunately, Muller failed to 
obtain the requisite experimental proof, while Mdller (1906), to whom 
he supplied seeds and seedlings of P. montana, reported that he 
could find no evidence for fixation of atmospheric nitrogen by the 
mycorrhizal fungus. 

The last-named worker had published two papers (1902, 1903) 
recording his observations on the growth of Pine (P. sylvestris) and 
Oak, in poor sandy soils and in those containing abundant humus 
respectively. His attention was attracted by the coralloid my- 
corrhiza on the roots of Pine (P^ sylvestris), and he made various 
attempts to detemoine its relation to the nutrition of the tree. Frank 
(1892 a, 1894) had previously expressed the opinion that this conifer 
did not come to maturity on good Pine soils if the formation of 
mycorrhiza was hindered through absence of the appropriate fungus, 
whereas it grew vigorously if the roots were infected normally. 
MoUer found experimentally that a direct relation existed between 
luxuriant development of the trees and abundance of mycorrhiza, 
but his experiments provided no evidence whatever that the root 
fungi of either Pine or Oak were able to utilise atmospheric nitrogen. 
Nor were his efforts to establish the identity of the mycorrhizal fungi 
more successful, the technique adopted rendering it little probable 
that the species of Mucor isolated from sterilised fragments of root 
were actually the forms concerned in the formation of mycorrhiza, as 
indeed was clearly recognised by the investigator himself. He quoted 
Ramanns experiments (Ramann 1888) which had given similar 
results, and recorded his own conclusions in the form of an extract 
from a communication made to him by Sarauw:— ^'Dass die Pilz 
unseren Waldbaumwurzeln und den Baumen Vorteil bringen sollten, 
ist bisher meines Erachtens weder durch Beobachtungen in der Natur, 
noch durch Versuche nachgewiesen worden.'^ 

In a paper on the mycorrhiza of forest trees, McDougall (1914) 
described the use of an improved technique for the identification of 
the fungi present in the mycorrhizas of various trees. It will be 
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recalled that Noack (1889) had put forward a claim for their identity 
with certain Gasteromycetes and Hymenomycetes commonly found 
in the neighbourhood of the trees. Noack based his conclusions on 
the microscopic characters of the mycelia and the frequent asso- 
ciation of particular fruit bodies with certain trees. Using the “glass 
plate” method, McDougall kept individual roots under observation 
throughout the growing season and, in the paper cited, offered sub- 
stantial evidence for the identification of the root fungi in six forms 
of ectotrophic mycorrhiza, viz. Russula sp. on Tilia americana. 
Boletus scaber var. fuscus and Cortinarius sp. on a variety of Betula 
alba, and Scleroderma vulgare on Quercus alba, thus adding four new 
species to the list of fungi for which claims had been put forward 
previously. He observed the course of infection and followed the 
development of the characteristic ectotrophic structure described by 
Frank, noting the progressive intensity of external infection and its 
direct correlation with the inhibition of root growth and stimulation 
of branching which resulted in the development of coral-like clusters 
of mycorrhiza. McDougall described and figured a number of typical 
cases and recorded two novel structures, one, a curious type of in- 
fected root in Maple with bead-like swellings and a strict localisation 
of mycelium to the swollen regions, the other a development of what 
was described as heterotrophic mycorrhiza in Tilia americana — 
ectotrophic in general structure, but showing intracellular infection 
of the cortical cells. He believed that the mycorrhizal relation in 
trees was a casual one, depending upon the proximity of a suitable 
fungus or on some chance condition in one or other of the con- 
stituents, In respect of the physiology of the relation, he argued 
that among the endophytic mycorrhizas found in Maples some were 
associations beneficial to the trees, whereas in others the fungi were 
simply internal parasites of the roots. The true ectotrophic my- 
corrhizas of the majority of trees he regarded, without exception, 
as cases of parasitic attack on the roots, adding in a later paper 
(1922 S): — “It is probable that as a rule no great harm to the 
higher plant results from this parasitism of its roots by mycorrhizal 
fungi.” 

The confusion existing at this time with regard to the identity of 
the root fungi of trees may be gleaned from the following brief 
summary: members of each of the great groups, Basidiomycetes, 
Ascomycetes and Phycomycetes, had been cited by different ob- 
servers as responsible for mycorrhiza formation. Among Basidiomy- 
cetes, Woronin (1885 Noack (1887) and Frank (1892) had each 


9-2 



132 Mycorrhiza 

identified a number of Hymenomycetes as mycorrhizal fungi; 
Kaufmann (1906), Pennington (1908), Mimura (1915), McDougaU 
(1914, 1922 &), Romell (1921), and Peyronel (1920, 1922) added pro- 
gressively to the list. Boyer (1915-16), tracing the delicate mycelium 
of species of Boletus and Amanita through the soil, observed that it 
could frequently be connected with the mycorrhiza of the tree roots. 
He believed the same to be true of trufiles and other humus-dwelling 
fungi. Of Gasteromycetes, Noack (1889) had cited Geaster sp.; 
McDougaU and Peyronel Scleroderma vulgare. Among Ascomycetes 
the association of trufQe fungi with the roots of certain trees had 
long attracted attention; Mattirolo (1887) and Frank (1892) both 
believed that species of Tuber were mycorrhiza formers; Reess 
(1880, 1885 a) and others had held a similar view for Elaphomyces 
granulatus; Pirotta and Albini (1900) made a new claim for 
T erfezia leonis, 

Peklo (1909) contributed an account of his researches on the 
ectotrophic mycorrhizas of Carpinus and Fagus, including attempts 
to extract the root fungi and establish their identity. From roots 
of both trees he isolated forms of Penicillium and Citromyces and 
attempted to prove their identity with the mycorrhizal forms by 
inoculation of mycorrhiza-free cultures of young Beeches with spore 
suspensions. The technique adopted by Peklo was somewhat crude, 
and it is probable that the strains of “ Wald-PeniciUien'' isolated by 
him were merely members of the profuse epiphytic fungus flora upon 
the roots used for isolation experiments. 

As representatives of the Phycomycetes, MoUer (1903) had added 
the names of several species of Mucor extracted from the roots of 
Pine {Pinus sylvestris). In this case, as in the last mentioned, it is 
unlikely that the forms isolated were other than casual associates of 
the superficial microflora of, the roots. Fuchs (1911) made similar 
attempts to establish the identity of the root fungi of certain Conifers 
by the addition of spores of Fusarium sp. and VerticilKum sp. His 
efiorts to reproduce ectotrophic mycorrhiza by these means were 
unsuccessful. The immediate cutting off of the infected cells observed 
was interpreted as evidence of parasitic attack on the part of the 
fungi concerned. 

For the inclusion of a majority of the fungi in this rather hetero- 
geneous group, the main evidence consisted of observations on a regular 
association of particular fruit bodies with the trees concerned; on the 
continuity of mycehum from the latter with the hyphae of the fungus 
mantle on the roots; and on the morphological identity of the hyphae 
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attached to sporophores and roots respectively. Although incon- 
clusive, evidence of this nature was cumulative and suggestive in 
respect to certain Hymenomycetes, more especially in regard to 
certain species of Boletus ; the constancy of the records for an asso- 
ciation of members of the Tuberaceae with various CupuHferous 
trees may also be noted. Certain observers, e.g. Peklo and MoUer, 
had undertaken investigations by means of pure culture methods. 
In no single case, it may be safely said, had experimental 
evidence of a satisfactory kind been obtained that the fungus 
named was actually concerned in the formation of ectotrophic 
mycorrhiza. 

The old problem of the relation of Truffles to forest trees is recalled 
by certain recent researches on the behaviour of certain species of 
Tuber in pure culture. Matruchot had grown Tuber melanosporum 
and T. uncinatum on artificial media and reached the conclusion that 
these species depended upon an association with Oak for the pro- 
duction of fertile ascocarps. Constantin (1924 (3^), on the other hand, 
has since been successful in obtaining cultures of T. brumale which 
produced both conidia and ascospores on artificial media quite inde- 
pendently of any relation with roots of Oak. The association of fungi 
of the Tmffle series with the mycorrhiza of other trees remains an 
open question; synthetic cultures recently carried out by Mehn with 
Elaphomyces sp. have yielded uncertain results. 

The observations of the Italian mycologist Peyronel (1921, '22 b) 
on the association of various Basidiomycetes with certain trees have 
led him to publish the following list as representing almost certain 
cases of mycorrhizal association. 

Fagus sylvatica Cortinarius proteus 

C. hivelus 
Boletus cyanescens 
B. chrysenteron 

Hypochnus cyanescens (nov. sp.) 
Scleroderma vulgare 
Amanita rubens 
Lactarius subdulcis 
L. blennius 
Russula emetica 
R, nigricans 

Cantharellus infundibuliformis 
Hydnum repandum 

Corylus avellana Lactarius coryli (nov. sp.) 

L. subdulcis 
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Corylus avellana 

Boletus chrysenteron 

Strobilomyces strohilaceus 
Hypochnus cyanescens (nov. sp.) 
Amanita rubens 

Rhodopaxillus nudus 

Cortinarius proteus 

C. multiformis 

C. violaceus 

Hydnum repandum 

Betula alba 

Amanita muscaria 

Amanitopsis vaginata 

Lactarius necator 

Z. torminosus 

Boletus scaber 

Scleroderma vulgare 

Russula rhodoxantha (nov. sp.) 
Tricholoma flavobrunneum 

Larix decidua 

Amanita muscaria 

Russula laricina (nov. sp.) 
Hygrophorus bresadolae 

H. lucorum 

Scleroderma vulgare 

Lactarius rufus 

Gomphidius gracilis 

Paxillus lateralis 

Populus tremula 

Cortinarius collinitus 

Quercus robur 

Amanita citrina 

Lactarius subdulcis 

Russula cyanoxantha 

Castanea vesca 

Amanita rubens 

Russula lepida 

R, rubra 

Scleroderma vulgare 

Peyronel has pointed out 

that the general form and dimensions 


of the various mycorrhizas are determined by the host tree, while the 
structure, thickness, colour, etc., of the mycelial mantles depend upon 
the individual fungi present. It is stated, for example, that Larch 
mycorrhiza formed by Scleroderma, vulgare is macroscopically indis- 
tinguishable from that formed by Boletus elegans in the same tree. 
In certain cases macroscopic characters are said to afford a ready 
means of identification; thus, the mycorrhiza of beech formed by 
Hypochnus cyanescens is immediately recognisable owing to its fine 
blue colour. Peyronel has bestowed the new name “mycoclena'' 
upon the fungus mantle, and predicts that it will be possible even- 
tually to make an analytical key which will permit the immediate 
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identification of the fungi present in any mycorrhiza by observing 
the characters of the mycoclena. 

Peyronel has been led to make the new and somewhat remarkable 
claim that certain Hymenomycetes show constant morphological 
differences when associated with different trees. For example, the 
sporophyte of Boletus scaher associated with Birch is reported as 
different from that of the same fungus growing with Hazel, Oak, 
and Chestnut. Some of the opinions expressed by this author 
will be received with great caution by mycologists, especially by 
students of the Agaricineae. 

From observations on the west coast of Sweden, Romell (1921) 
was struck by the constant presence of fairy rings” of the ''Butter 
Fungus,” Boletus luteus around Pinus Montana, independently of 
soil differences. A similar association had been observed elsewhere, 
not only with the Mountain Pine, but also with P. austriaca and 
P. sylvestris. Earlier, Qu 61 et had reported Boletus boudieri in 
association with Pinus halepensis and Pinus pinaster, and P. elegans 
with Larix. Attempts to trace a direct connection of the mycelium 
of Boletus luteus with the roots of P. Montana did not yield con- 
clusive evidence, but Romell's conviction that this existed, as also 
his view in respect to the significance of the association between 
Boletus elegans and Larch, have been fully justified by subsequent 
researches. 

The close association of a “fairy ring” of Hymenomycete sporo- 
phores with a given species of tree occasionally observed in nature 
is illustrated in the photograph reproduced in Fig. 52, although 
in this case the identity of the species of CUtocyhe to which the 
fructification belongs with any of the fungi present in the mycorrhiza 
of the tree was not investigated. (PI. VI, Fig. 52.) 

In a brief account of mycorrhiza in Sitka Spruce {Picea sitchensis) 
and other trees, Laing (1923) has supplied an analytical table of 
the various types of mycorrhiza observed by him in conifers and 
noted that both the ectotrophic and endotrophic types of structure 
are represented as wed as an intermediate or “semi-ectotrophic” 
type. Thuja gigantea, Sciadopitys verticillata, and Pinus syhestris are 
cited as forms showing intracellular infection. In discussing the 
unsatisfactory character of the evidence relating the mycorrhiza of 
trees to the intake of food material, Laing describes certain obser- 
vations of his own indicating the presence of relatively large amounts 
of oxidising enzymes — oxidases and peroxidases — ^in the mycorrhiza 
of trees, and discusses the possible advantage of this increased 
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oxidising mechanism to the trees in habitats of deficient aeration and 
available plant food, In an account of field observations in south- 
east England, Paulson (1924) has recently drawn attention to the 
.profuse development of tree mycorrhizas in the superficial rooting 
system that does not penetrate the soil but ramifies throughout the 
accumulations of fallen leaves near the trees. This distribution, 
if general, may possess some significance in relation to Laing’s 
observations on the presence of oxidases. (PI. VI, Fig. fix.) 

Of other coniferous mycorrhizas, that of Abies firma was described 
by Tubeuf (1896), NoeUe (1910), and Mimura (1917), none of whom 
put forward any views as to the identity of the fungus or fungi 
responsible. More recently, Koki Masui (1926) has observed sporo- 
phores of Cantharellus floccosus attached to the mycorrhizas of this 
conifer, and so added another species to the growing list of Basi- 
diomycetes believed to be responsible for mycorrhiza formation. 
The Japanese observer distinguishes four distinct types of mycorrhiza 
in this Fir, one being an ectotrophic form with curious basidia- 
hke projections from the mantle, an intercellular "Hartig net” of 
the usual kind, and more or less profuse intracellular infection. The 
mycorrhizas associated with Cantharellus were found only in the 
superficial layer of soil, and the fungus was observed to occur only in 
dry situations. Infection reduced the rate of growth of the roots, 
and was sometimes fatal. The author agrees with McDougaU in 
regarding the relation as essentially one of parasitism on the part of 
the root fungus. In a later paper (Masui 1926 S), he has described 
and figured the renewed growth observed in these and similar my. 
corrhizas after the formation of the mantle. The mycelial sheath 
splits in several directions and a new fungal investment develops 
from the margins of the fissures. 

Of recent attempts to identify the mycorrhizal fungi of trees by 
isolation methods may be mentioned that of Chan (1923), who 
isolated a non-sporing mycelium from roots of Beech growing in 
Mumch and in Tyrol and named it Mycelium radicis fagi. It is 
reported that under certain conditions of nutrition — e.g. the presence 
of one per cent, peptone in the culture medium~the hyphae of this 
form become shortly jointed like those of the Orchid fungi. On 
various grounds, the mycelium was believed to be that of the my- 
corrhizal fungus of Beech, but no experimental proof of its identity 
has yet been obtained. 

In respect to the significance of mycorrhiza in trees, it may 
be recalled that every imaginable view has found supporters. 
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Gibelli (1883), Sarauw (1893), MoUer (1903), Pastana (1907), Ducomet 
(1909), Fuchs (1911), McDougall (1922) and Koki Masui (1926) have 
regarded all or certain of the root fungi as more or less mischievous 
parasites. Henschel (1887) reached the conclusion that all Spruces 
developing unhealthy symptoms possessed mycorrhiza, that the 
degree of damage to the tree was proportional to the amount of 
infection, and that the strongest sapHngs were fungus-free. He 
concluded that the effect was without exception damaging to the 
young plants: — “Dass die Einfiuss dieses Symbioten auf der Ent- 
wicklung der jungen Fichtenpflanze als ein absolut schadlicher 
angesehen werden miisste.'' On the other hand, Frank (1892), Stahl 
(1900), Muller (1903), Tubeuf (1903), Elenkin (1907) all believed the 
association to be one of beneficial symbiosis. 

Efforts have been made to study the physiological relations by 
chemical and microchemical methods. Weyland (1912) made a 
serious attempt to review the evidence bearing on the nutrition of 
mycotrophic plants in general, and was the first observer to use 
microchemical methods for studying the distribution of inorganic 
nutrients — phosphorus, potassium and calcium — ^in the root cells. 
From his own observations on the roots of autotrophic and myco- 
trophic plants he believed that these methods offered the most 
promising line of research for gaining new information as to the 
nutritive relations of members of the latter group with their fungal 
associates. His conclusions with respect to ectotrophic mycorrhiza 
agreed with those expressed by Fuchs (19x1), a contemporary ob- 
server, viz. that the root fungi of trees were parasitic upon their 
hosts and that no symbiosis of a kind beneficial to the latter existed. 

Weevers (1916), examining the distribution of ammonium salts, 
discovered that these were present in very small amounts or were 
entirely lacking in mycorrhiza plants. Hence, he argued, assimilation 
of nitrogen, if facilitated by the root fungi, must be brought about 
in a different manner from that in leguminous tubercles, in which 
these salts are present in quantity. More recently, Rexhausen (1920) 
carried out observations on a number of ectotrophic mycorrhizas by 
similar methods. Using as material species of Finns, Quercus sessi- 
flora and Monotropa hypopitys, growing in the open, he reached the 
conclusion that the root fungi facilitated the absorption of mineral 
salts, i.e. he found evidence in support of the Stahl theory of nutri- 
tion. Rexhausen also expressed the opinion that the relation between 
fungus and root in ectotrophic mycorrhiza was not a fixed one, but 
fluctuated with the soil conditions. If these were unfavourable to 
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the fungus, it might parasitise and greatly injure the tree, if they were 
too favourable, infection was feeble and mycorrhiza badly developed. 
On the whole, in the coniferous trees studied, he found evidence that 
a symbiosis of a beneficial kind existed, especially under soil con- 
ditions such that a supply of carbohydrates outside the roots was 
associated with a deficiency of mineral salts. His observations upon 
Monotropa did not throw any fresh light upon the problem of nutri- 
tion in this species. 

The recent researches of Elias Melin (1917-1925) mark a notable 
advance in the knowledge of ectotrophic mycorrhiza. By the 
publication of this series of papers the author has provided, for the 
first time, reliable and conclusive evidence of the nature and con- 
stitution of the mycorrhizas of certain trees and the identity of the 
fungi concerned. The work is of such interest and importance that 
its consideration at some length calls for no apology. 

In a brief preliminary note on the mycorrhiza of Scotch Fir and 
Spruce, Melin offered the following new facts for consideration. 
[a) The fungi present in ectotrophic mycorrhiza are not strictly 
intercellular in distribution as was claimed by Frank; the mycelium 
invades many of the cortical cells and can be put in evidence by 
suitable staining methods. (6) In addition to the normal ectotrophic 
type of mycorrhiza in Pine and Spruce, there appears on the roots of 
individual trees growing in wet bogs and occasionally also in raw 
humus elsewhere, a fungus association of a different character in which 
the " Hartig net ” and mycelium mantle are lacking and the mycelium 
is exclusively intracellular, (c) Two fungi concerned in the formation 
of the mycorrhiza of Pine and Spruce have been isolated and their 
identity established by means of inoculation cultures ; provisionally 
they were named Mycelium radicis sihestris and Mycelium radicis 
alietis (Melin 1922 a). A full account of these important researches 
was published subsequently in the form of a monograph and will 
now be considered in greater detail. (Melin, 1923 a,) 

The more significant results fall naturally under three headings : — 

(1) An account of mycorrhiza in Pine and Spruce as it occurs in 
nature. 

(2) The isolation, cultivation and description of the root-fungi; 
and the reconstitution of the mycorrhizas under pure culture 
conditions. 

(3) The experimental identification of the mycelium of certain 
root-fungi with Hymenomycete fructifications associated regularly 
with the trees in nature. 
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A. The Mycorrhiza of Pine {Pinus syhestns) 

AND Spruce {Picea alias). 

In conifers, as in most deciduous trees, it is the actively absorbing 
roots which become mycorrhizas. The differentiation of the root 
system into "long ” and " short " roots is thereby greatly accentuated, 
the distinction between the two types being much less when they are 
protected from fungal infection. In Sweden, mycorrhiza is formed 
in spring and autumn, the periodicity corresponding with that of 
root growth showing two maxima, in spring and autumn respectively. 
Several types have been observed in Pine and Spruce, differing in 
mode of branching, colour and internal structure. 

For the former tree, Melin has described three forms: — "Gabel- 
mykorrhiza," " KnoUenmykorrhiza ” and simple mycorrhiza (" einfach 
Mykorrhiza"'). The first type, noted and recorded by many earlier 
workers, is the commonest; it is best developed in woodland soils 
with an abundant layer of raw humus, but is found also on moorland 
soils, especially after drainage. The colour varies from golden brown 
to black while other tints have been observed, the colour differences 
depending upon the fungi present. The habit of this type shows well 
the arrest of growth and crowded dichotomous branching so often 
described, leading to the production of a dense tuft or "witches 
broom '' of characteristic appearance. According to Melin, a majority 
of root-fungi form this type of mycorrhiza in nature (PI. VI, Fig. 50). 

KnoUenmykorrhiza " of Pine is also abundant in Swedish woods 
on similar types of woodland soil. It presents the appearance of 
smaU tubers, variable in size and often so crowded that they have 
grown together. The tuberous habit is due to the merging of a cluster 
of dichotomously forked roots into one structure by fusion of the 
individual fungus mantles. The colour, at first pale, becomes grey to 
brownish grey with age. The surface of the tubers is rough, owing to 
the passage outwards from the mantle of strands of mycelium that 
can be traced into the humus, where they break up into separate 
hyphae (Fig. 50). Not the least interesting aspect of Melin's work 
has been the definite association of this type of mycorrhiza with the 
species of Boletus responsible for its formation, viz., J 5 . luteus, 
B. granulatus, B, mriegatus and B, hadius. He concluded it to be 
identical with the forms described by MiiUer (1903) for Pinus montana 
in Jutland and by McDougaU (1922) for P. strohus in the United 
States. Both this and the preceding type may occur in close 
proximity on the same main root (PI. VI, Fig, 50). 
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The simple mycorrhizas of the Pine are frequently young stages 
of one or other of the types just described. Sometimes, however, 
they are believed to represent a special type, in which case they are 
longer (lo mm. as compared with 4 mm.) and thinner (0*2 mm. 
as compared with 0*4 mm.). These unbranched mycorrhizas are 
characteristic of Pine heaths and their formation is believed to depend 
upon a decreased ''virulence” of the root fungi under the conditions 
existing in heath soils. 

Two types of mycorrhiza in Spruce {Picea ahies L.) have been 
described; the racemose (razemose) and the simple (einfach) (cf. 
Muller, p. 339). The former is the characteristic form under favour- 
able soil conditions. The branching is of monopodial type with lateral 
roots in two rows upon a main axis, fungus infection being similar in 
the roots of both orders; free branching may produce a cluster of 
short roots very different in appearance from the typical "Gabelge- 
biische” of Pine. As in the latter, the colour is variable, with often 
a close association of different colours on the same root. The simple 
type of mycorrhiza resembles that of Pine. 

The development and structure of the fungus mantle in these 
mycorrhizas of Pine and Spruce were found to be very variable, a 
fact afterwards correlated with soil conditions and the presence of 
different ■ fungus constituents. For example, in the Boletus my- 
corrhizas, a thicker mantle was formed than with other root fungi, 
and, in general, the mantle is better developed in the raw humus of 
Pine woods than on heath soils. The significance of these observations 
will be discussed hereafter. 

The histological characters of the ectotrophic mycorrhizas of 
conifers have been variously recorded as agreeing with those origin- 
ally described by Frank (1885) with fungus mantle and intercellular 
“Hartig net,” or showing a truly endotrophic structure as described 
by Sarauw (1893), or of ectotrophic type with a profuse development 
of intracellular mycelium as recorded by Peklo (1913) for both Pine 
and Spruce. These inconsistencies are ascribed by Melin to two 
causes,— faulty technique on the one hand, and the existence of 
actual differences correlated with the presence of different root fungi 
and (or) variation in soil conditions, on the other hand. According 
to the last named author's observations two kinds of "Gabelmy- 
korrhiza” occur in Pine, one of true ectotrophic type, the other with 
heavy endotrophic infection of the cortical cells. Noteworthy 
features in the former are the development of a conspicuous " tannin 
layer” from the.epidermal and sub-epidermal layers of the root, the 
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cells of which are constantly penetrated by fine hyphae, as well as the 
presence of a granular layer (Kornerschichte) , comprising two or 
three layers of cortical cells filled with granules of varying size and 
surrounded by the pseudotissue of the “Hartig net"' but otherwise 
free from fungal infection. In the other form of this mycorrhiza, the 
“tannin layer” is less conspicuous, and the granular layers are 
replaced by a region of profuse intracellular infection in which the 
mycehal contents undergo rapid and complete digestion, the cyto- 
logical features of the digesting cells resembling those found in 
Orchids in respect to increased size of the nuclei and the ultimate 
removal of the stainable products of digestion. 

Both types of mycorrhiza, especially when old, are subject to 
structural modification owing to the attack of a pathogenic fungus, 
subsequently isolated and named Mycelium radicis atrovirens. It 
is suggested by Melin that the parasitic hyphae of this pathogen were 
mistaken by Peklo (1913) for those of the true symbiont, and also 
that the same mycehum was erroneously described as belonging to 
species of Cladosporium by this author. 

The '' Knollenmykonhiza” of Pine 

The individual roots of the tuberous complexes formed in this 
type of mycorrhiza are distinguished structurally by the large size 
of the “cells” of the pseudoparenchyma of the mantle. They are also 
remarkable for the profuse and typical endotrophic infection of a 
five-* or six-layered cortical region, each ceU of which shows active 
digestion of the intracellular mycelial complex with subsequent dis- 
appearance of the stainable products. Without discussing the ana- 
tomical evidence in greater detail, it may be stated that Melin 
regards the structure of all three types of mycorrhiza in Pine as ; 
indicating an exchange of food material and hence, pointing, to the 
conclusion that they constitute a working case of mutual symbiosis — 
“Wurzel und Pilz leben in mutualistischer Symbiose.” The micro- 
chemical evidence obtained by Rexhausen (1920) is cited in support 
of this view. A critical consideration of its correctness or otherwise 
may be postponed to a later chapter in view of the recent publication 
of the results of an experimental enquiry into the same matter. 
(Melin 1923 c.) 
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The Mycorrhiza of Spruce (Picea abies L,). 

Both the structural types of ''Gahelmykorrhiza” found in Pine 
are represented in Spruce, but there is no counterpart in the latter 
of the ''KnoUenmykorrhiza” just described. The mycelium of the 
true symbionts occurs both in the long and short roots of Spruce 
but was not found in the older main roots. As in Pine, the mycorrhiza 
of Spruce is subject to the attack of a parasitic fungus which was 
identified later with that named Mycelium radicis atrovirens by the 
author. 

From the foregoing brief account it is apparent that two distinct 
anatomical types of mycorrhiza are formed in conifers- Melin 
questioned the propriety of including those showing both intra- and 
inter-cellular infection with the true ectotrophic forms, and in view of 
the fact that the former combine the characters of ectotrophic and 
endotrophic types, he named them ectendotrophic {ektendotrophic) . 
Mycorrhiza of this composite type was known to occur also in Larix 
(Melin, 1922 J), and Betula (Melin, 19236), and from the literature 
may be assumed likewise in Pinus cembra (Tubeuf, 1903), and Tilia 
americana (McDougall, 1914). 

Comparing it with that described by McDougall in Tilia, the 
designation hater otrophic used by the latter author was rejected by 
Melin on the grounds that the word has a very different significance 
in other connections. It was probably mycorrhiza of this type that 
Peklo (1913) described for Pine and Spruce in Bohemia, but Melin 
could find no evidence that a species of Penicillium is concerned 
in its formation, as believed by the former observer. 

Mycelium was not observed in the aerial parts of either Pine or 
Spruce, and attempted isolations from the shoots gave negative 
results. 

Pseudomycorrhiza, 

The existence of a “false'" mycorrhiza in both Pine and Spruce 
had been previously recorded (Melin, 1917), the fungus constituent 
being regarded in general as a one-sided parasite, although the relation 
fluctuated with soil conditions and might result either in defeat of 
the fungus by unusually active digestion or in death of the invaded 
ceUs. These pseudomycorrhizas are usually simple and unbranched 
and in Sweden are specially characteristic of moorland soils afforested 
after draining. Their recognition offers a reasonable explanation for 
inconsistencies in the records of other observers, e.g. those of MdUer 
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in Brandenburg. It is not improbable that the types of root-infection 
recorded by Mdller from this district were pseudomycorrhizas of 
similar character. 

The Mycorrhizal Fungi of Pine and Spruce and the 
Synthesis of Mycorrhiza. 

Isolation of the fungi responsible for forming the types of my- 
corrhiza just described, with proof of their identity by the synthesis 
of mycorrhiza under pure culture ” conditions, constitute an essential 
part of Melin's researches. 

A constant association of the mycorrhizas of Conifers with the 
fruit bodies of certain Basidiomycetes had been reported by numerous 
observers, although experimental proof of the continuity of the two 
systems of mycelia was lacking in every case. The long and hetero- 
geneous list of fungi named in this connection has already been noted 
and the pressing need, as MeUn quickly recognised, was for synthetic 
cultures on similar lines to those successfully used in the experimental 
work on Ericaceae and the Orchids. Two variations of such methods 
are available : one, the isolation of the appropriate fungi from roots 
and the re-synthesis of mycorrhiza under “pure culture” conditions; 
the other, the formation of mycorrhiza under such conditions by 
inoculation from pure cultures of known fungi suspected of symbiotic 
relations. Both methods have been successfully used by Melin who 
thus obtained corroborative proof for the association of certain 
well-known Basidiomycetes with the roots of coniferous trees. 

With regard to the technique adopted, it may be noted that 
satisfactory methods were devised for the external sterilisation of 
roots, and for the exclusion of fast-growing forms, e.g. species of 
Penicillium, Mucor, Fusarium, etc., likely to outgrow the true endo- 
phytes. For the detailed characters of the latter and their behaviour 
in pure cultures, reference must be made to the original records. 
Their essential features are indicated in the following brief summary. 

[a) The mycorrhizal fungi of the “Knollenmykorrhiza” of Pine. 
This type of mycorrhiza from many different stations yielded a 
number of fungus forms of similar type. Owing to the comparative 
ease of external sterilisation of the tubers and the relatively vigorous 
growth of the mycelia, their isolation was a comparatively simple 
matter. The characters and behaviour of all the strains in pure 
culture pointed to their inclusion in a single genus. Two morpho- 
logical peculiarities may be noted : a characteristic paired branching 
of the mycelium in young cultures, and the invariable presence of 
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“clamp connections (Schnallen) joining contiguous “cells.” The 
first-named character appeared also in mycelium associated with the 
outside of the tubers and was later found to be characteristic of that 
of certain species oi Boletus frequent in Pine woods; the last-named is 
characteristic of many, but not of all Hymenomycetes (Kniep, 
1915) ; it served in this case for the classification of the endophytes 
into two groups characterised respectively by few or numerous 
'clamp connections.’ To the whole series of forms was given the 
name Mycelium radicis silvestris a. Later work supplied the neces- 
sary proof that the mycelium known by this name belonged to 
various species of Boletus abundant in Pine woods. Of these, B, 
granulatus, B, variegatus, B. luteus and B. hadius have been identified 
with certainty as constituents of the tuberous type of Pine 



Fig. 53. Aerial hyphae of Mycelium yadicis silvestris a in pure culture. Strains 
isolated from trees in different parts of Sweden. (From Melin, 1925 a.) 

mycorrhiza. B. hovinus^ a common constituent of the fungus flora of 
Pine woods, may probably also be included. 

The characteristic mode of branching exhibited by the mycelium 
of M, r. silvestris a in common with members of the genus Boletus is 
shown in Fig, 53. It is of interest to compare with this the mycelium 
figured by Rylands in 1844 as a constituent of the mycorrhiza of 
Monotropa hypopitys (see Fig. 2). The association of these forked 
hyphae with the roots of Monotropa may have been quite fortuitous ; 
it may, on the other hand, be regarded as a possible clue to the 
identity of the root fungi of this species, in respect to which nothing 
is yet known. 
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[h) The mycorrhizal fungi of the “Gabelmykorrhiza” of Pine, 
Much greater difhculty was experienced in isolating the fungi re- 
sponsible for this type of mycorrhiza, owing to their poor growth in 
artificial media. Three forms, differing in the morphological characters 
of their mycelia and believed to be representatives of a much larger 
group, were isolated and named respectively Mycelium radicis 
silvestris Mycelium radicis silvestris y, and Mycelium radicis 
silvestris 8 . The last-named was characterised by particularly feeble 
growth in artificial cultures. The mycelium of these strains showed 
Hymenomycete characters. Important differences in their structure 
and behaviour in pure culture rendered it unlikely that they belonged 
to a single genus or were nearly related as was the case with the 
forms included under Mycelium radicis silvestris a. Examination 
of the mycelium of various Hymenomycetes common in Pine woods 
provided no positive evidence of identity, although that of a number 
of species of Tricholoma and Cortinarius showed features resembling 
those in M, r, 5. jS, and M. r, s. y respectively. No evidence was 
forthcoming for the identity of M, r, 5. 8 . Further researches revealed 
the fact that several of the forms isolated could form mycorrhiza on 
the same tree; whether they might also be present in the same 
mycorrhiza was not ascertained. 

In addition to the true root fungi, a form referred provisionally 
to the genus Rhizoctonia under the title R. silvestris was isolated from 
roots of young Pines which showed unsatisfactory growth. This 
fungus did not form typical mycorrhiza and was regarded by Mehn as 
a parasite, sharply distinguished from the specific mycorrhiza formers. 

(c) The mycorrhizal fungi of Spruce. Owing to their extremely 
feeble growth in pure culture, the mycorrhizal fungi of Spruce were 
likewise difficult to isolate, and only one form. Mycelium radicis 
ahietis, was extracted and cultured. The mycelium showed Hymeno- 
mycete characters recalling those of M. r. silvestris y from Pine, and 
it was believed to belong to a member of the same unidentified genus. 

Final proof of the identity of the fungal forms just described with 
those responsible for forming mycorrhiza depended upon synthesis 
of the mycorrhizas under pure culture conditions. To this end, seed- 
lings of Pine and Spruce were raised from sterilised seed and grown 
in small flasks in sand or humus cultures. The experimental seedlings 
developed normally without infection and showed certain structural 
features of interest in addition to the absence of mycelium, e.g. the 
absence of any marked differentiation to ''long" and "short" roots, 
as weU as a profuse development of root hairs from the main roots 

RM 10 
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and laterals. Inoculation experiments proved that each of the forms 
included under the names Mycelium radicis silvestris a, jS, y and S from 
Pine, and M. y. abietis from Spruce, formed mycorrhiza. Owing to 
the fact that, even after leaching, sterilised humus is extremely toxic 
to these root fungi, sand, watered with a suitable nutrient solution, 
was found to be more favourable than humus for pure culture 
experiments, and it was only in such sand cultures that synthetic 
mycorrhizas were formed. 

In general, the root fungi showed a marked increase in vigour 
when brought from pure culture into contact with the roots of ex- 



54 * Synthetic mycorrhizas of Pinus montana produced in pure culture 
with Mycelium radicis silvestris a. k. Knollenmycorrhiza. x about zj 
times, (From Melin, 1925 <z.) 

perimental seedlings. Although more vigorous than when growing 
alone, they were held to be less so than in nature, as evidenced by 
e.g. the absence of sporophores. Suggested causes for such decreased 
vigour were the absence of specific food substances normally present 
in natural humus, and the accumulation of the toxic by-products of 
growth in the culture flasks. The latter condition was known to have 
a depressing effect upon growth in pure cultures. 

Synthetic mycorrhizas of two kinds were observed in these and 
similar cultures, some of the type described as pseudomycorrhiza 
with intracellular infection only, others of the ectendofrophic type 
described above. Some of the latter exactly resembled those found 
in nature, others lacked the mycelial investment or mantle; in 
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general, they were unbranched, but both the “ Gabel''- and '"Knol- 
len"-mycorrhizal types were observed in artificial cultures. The 
details of structure, e.g. development of an intercellular ^'Hartig 
net” and the occurrence of intracellular infection with subsequent 
digestion, were similar to those in natural mycorrhizas (Fig. 54). 
It is noteworthy that artificial mycorrhizas of the pure ectotrophic 
type were not observed. 

From comparative observations on Pine, Spruce and Larch, 
Melin subsequently reached the conclusion that the different types 
of mycorrhiza observed in nature represent phases in the development 
of infection, the typical ectotrophic condition being a final stage in 
a gradual ''squeezing out” process due to enzyme activity in the 
root cells. On this view the endotrophic structure sometimes 
observed is transitional to the ect. endotrophic condition, which in 
turn may give rise to true ectotrophic mycorrhiza with a thick mantle, 
well-developed intercellular net, and rare and intermittent intra- 
cellular infection. Fungal strains weakened by long-continued 
growth on artificial media or grown under unfavourable conditions, 
e.g. in sterilized humus or on a substratum of unsuitable H-ion 
concentration, can cause only endophytic infection, the exact nature 
of which will vary with the vigour or “ virulence ” of the strain used ; 
the more vigorous strains can produce an intercellular net together 
with a well-developed external mycelial sheath or mantle. It was 
admitted that the absence of the ectotrophic type of structure from 
artificial cultures might be explained otherwise, for example, by 
assuming that the fungi responsible were more difficult to isolate, and 
that those actually extracted were the forms concerned in forming the 
ectendotrophic type, but it is clear that Melin himself inclines to the 
former view. The vigorous branching, so characteristic of natural 
mycorrhizas, was believed to be a direct consequence of the ecto- 
trophic habit, and therefore, accepting the view just stated, to 
depend upon the presence of a fungus strain of relatively high 
" virulence.” The higher the '' virulence” the more marked the effect 
upon branching. Hence, under artificial conditions, one and the 
same fungus might give rise to simple mycorrhiza, "Gabehny- 
korrhiza,” or ” Knollenmykorrhiza ” according to the degree of ” viru- 
lence” induced by the conditions in respective cultures. The vigour 
or '' virulence ” of the individual strains was believed to be bound up 
with soil conditions nutritive and otherwise. This aspect of infection 
has since been more fully investigated and dealt with by the author 
in a separate communication (Melin, 1925 c). (See p. 159.) 


10-2 
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It has been shown by experiment that certain of the mycorrhiza- 
f orming fungi are more specialised than others : some can form my- 
corrhiza in members of several genera, others only in those belonging 
to a single genus, or, in extreme cases, in only a few species of one 
genus. To the more speciahsed group belongs Boletus elegans, a 
mycorrhizal fungus of Larch (Melin, 1922 &), to the less specialised, 
other species of Boletus ^ e.g. B, scdber and B. rufus^ mycorrhiza 
formers in Birch and Aspen. It is still unknown whether the forms 
associated with Pine and Spruce belong to the more specialised 
types. It was, however, observed in synthetic cultures, that not all 
those isolated could form mycorrhiza in a particular tree with the 
same ease, for example, in Spruce, M, r. abietis, M, r. silvestris j8 
and M. r. s. y are extremely active, while M. r. s. a {Boletus spp.) 
have a relatively feeble capacity to form mycorrhiza, i.e. they are 
mycorrhiza formers of the second order. (See p. 158.) 

In addition to the true mycorrhizal fungi, it has been ascertained 
by Melin that a large number of casual soil species can cause root 
infection of the pseudomycorrhizal type. Certain of these casual 
associates, e.g. Penicillium sp. (see Peklo, 1909), and Acrostalagmus 
sp, are harmless to the trees; others, e.g. Mucor ramannianus (MoUer, 
1903) and Verticillium sp. (Fuchs, 1911a), behave as parasites. The 
mycehum of the fungus named Mycelium radicis atrovirens was fre- 
quently found to be present in old and young mycorrhizas, especially 
in the former, and proved comparatively easy to isolate. This 
mycelium formed sclerotia in culture and within the root cells, and it 
is believed that the species has affinities with the genus Rhizoctonia. 
Under pure culture conditions the fungus was purely parasitic and 
behaved as a pathogen; as observed by Melin, its presence in natural 
mycorrhizas is probably deleterious to growth and hinders the action 
of the true root fungi. It is possibly identical with the form 
in the mycorrhiza of Beech described by Peklo (1913) as: — ''Kein 
Mykorrhizenbildner, sondern Parasit sei."' 

The Experimental Identification of Certain Hymenomycetes 
with the Mycorrhizal Fungi of Pine. 

In an earlier paper Melin (1922 c) had stated his conviction that 
the mycelium of the root fungi of Pine included under the name 
Mycelium radicis silvestris a belonged to the genus Boletus — ”M. r. 
silvestris a gehort zur Gattung Boletus, umfasst aber wahrscheinlich 
mehrere Arten, von denen B. luteus eine ist."' This belief, based on 
close resemblances in the mycelial characters and the frequent asso- 
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dation of sporophores with the trees, was tested experimentally by 
the inoculation of pure culture seedlings from cultures isolated from 
the sporophores of various species of Boletus found growing naturally. 
The forms investigated, B. luteus, B. variegatus, B. granulatus and 
B. badiusy are practically confined to coniferous woods and are 
specially characteristic of pure pine woods or mixed woods of Pine 
and Spruce. They were easily isolated and grew readily on malt agar 
and malt gelatine. 

Synthetic cultures showed that all four species formed mycorrhizas 
in Pine. Under culture conditions only simple or dichotomously 
branched mycorrhizas (Gabelmykorrhiza) were formed, but it was 
believed that, under the more favourable conditions existing in 
natural humus, similar root infection led also to the formation of the 
tuberous type of mycorrhiza (KnoHenmykorrhiza). In woods it 
is usual to find the latter strongly developed in the humus below 
fruit bodies of Boletus sp. Certain characteristic features of natural 
''Knollenmykorrhiza,'" e.g. the large-celled character of the mantle, 
were also noticeable in the synthetic mycorrhizas. 

From analogy with Birch. (Melin, 1923 b) it was regarded as likely 
that species of Amanita and Tricholomay genera weU-represented in 
Pine and Spruce woods, were also concerned in the formation of 
coniferous mycorrhiza. It may be recalled that the mycelium of the 
form M. radicis silvestris closely resembled that of species of 
Tricholoma, 


B. The Mycorrhiza of Pinus montana. 

The conclusions reached by Muller (1903) in his historic investiga- 
tion on the relation of the Mountain Pine to the growth of Spruce 
on the Jutland heaths (p. X29) rendered the root biology of the 
former tree of special interest to botanists and foresters. In order 
to ascertain whether the same mycorrhizal fungi were present as in 
P. sylvestrisy Melin extended his investigation to include a series of 
pure culture experiments with seedlings of P . montana. They proved 
more amenable to culture under experimental conditions than had 
those of P. sylvestrisy and the synthetic mycorrhizas developed in 
sand cultures more closely resembled those formed in nature. The 
production of pseudomycorrhizas in certain cases was attributed to 
the use of fungus cultures weakened by long cultivation, and con- 
sequently lacking the 'Virulence” necessary for the formation of the 
typical condition (Fig. 54) . Using three of the fungus strains isolated 
from P. sylvestris, viz. M. radicis silvestris a, and y, it was found 
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that all these forms likewise formed mycorrhiza in P. montana. In 
the a group {Boletus spp.), it was proved by direct experiment that 
B. granulatusy B. luteus and B. variegatus also formed mycorrhiza in 
Mountain Pine; that B. badius did not form typical mycorrhiza in 
the latter in synthetic cultures was attributed to the marked tendency 
shown by this species to degenerate under “pure culture” conditions. 

A number of other Hymenomycetes common in Swedish woods 
were also tested experimentally, and it was determined that Russula 
fmgilis, Lactarius deUciosus, Cortinarius muscosus and Tricholoma 
virgata all formed synthetic mycorrhizas in P. montana. Further- 
more, it was regarded as probable that other species of these genera, 
and also Amanita ruhescens would give similar results if tested in 
like manner. In general, it was concluded that the two species of 
Pine possess the same mycorrhizal fungi (1924 a). 

C. The Mycorehiza of Larch. 

Following his own observations and experiments, Melin (1922 
1925 a) reached the conclusion that an obligate mycorrhizal relation 
with the mycelium of Boletus eduUs existed in Larch. Subsequently, 
Hammerlund (1923) reported that he was unable to obtain experi- 
mental confirmation of this and he rejected Melin's conclusions on the 
subject. In his most recent contribution to the literature of my- 
corrhiza, Melin (1935 c) has restated his former conclusions, citing 
B. elegans as an example of the most specialised type of mycorrhizal 
association, in which a given fungus forms mycorrhiza only with 
members of a single genus of vascular plants: — “Zu den speziali- 
siertesten gehort Boletus elegans, der ganz und gar an die Larche 
gebunden zu sein scheint.” 

The statement that this species of Boletus is associated with trees 
other than Larch in southern Europe (Lange, 1923) is believed to 
require confirmation. 

D. The Mycorrhiza of Birch and Aspen. 

In order to acquire a many-sided acquaintance with tree my- 
corrhiza, Melin made a study of Birch {Betula pendula Roth, and 
B. alba Roth.), and Aspen {Populus tremula L.) as representatives of 
deciduous trees (Melin, 1923). As in the case of coniferous my- 
corrhiza, there exists an extensive and contradictory literature on 
the subject; certain Hymenomycetes, regularly found in Birch woods, 
had been repeatedly named as mycorrhiza formers, but experimental 
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evidence of their identity was in every case lacking. Paulson (1923) 
has published an account of Birch mycorrhiza and described the 
infection of the styles of the ripe fruit by mycelium of a fungus 
believed to be Sporotrichum pulviniforme. The germinating seedling 
is exposed to infection by these hyphae, which, it is suggested, may 
be causally related to the subsequent formation of mycorrhiza. There 
is at present no experimental support whatever for the correctness 
of this interesting suggestion. 

Melin's observations on Birch and Aspen have established the 
main facts experimentally, and have shown incidentally that the 
conflicting observations of earlier workers with regard to structure 
was due to faulty technique. Themycorrhizas of these trees are simply 
or monopodiaily branched, yeUow or yellowish brown when young, 
becoming dark brown to black with age. They are of the ectendo- 
trophic type with profuse intracellular infection. The strictly ecto- 
trophic structure reported by Mangin (1910) and McDougall (1914) 
was not observed in Sweden, a discrepancy explicable either by 
non-formation of the latter under certain conditions of soil and 
climate, or by assuming a defective technique on the part of the 
earlier observers. A similar type of mycorrhiza is formed by both 
trees; since it differs in several respects from the coniferous type, 
that of Birch will be briefly described. 

In transverse section the mycorrhiza of Birch shows a mycehal 
mantle of the usual ectotrophic type, a palisade layer of large, radially 
elongated cells with rich intracellular infection, and an inner zone 
several cell layers thick with profuse infection and typical intra- 
cellular digestion. The cells of the palisade layer are separated by 
a small-ceUed intercellular “net'' of pseudoparench5mia, and contain 
hyphae of two kinds, described respectively as protein hyphae 
{Eiweisshyphen) and haustorial hyphae [Haustorienhyphen) . The 
former are of large diameter (10 /x), with abundant protein contents 
and very large and conspicuous nuclei. They are branches from 
hyphae in the inner zone of the mantle which, traversing the palisade 
cells, may branch laterally, and eventually penetrate the cells of the 
digestive layer. The haustorial hyphae are of small diameter, with 
scanty contents and very small {winzig) nuclei; they may fragment 
in the palisade cells or penetrate the cells of the innermost zone where 
they undergo complete disintegration and digestion with subsequent 
disappearance of the stainable products (Fig. 35). As is usual in 
mycorrhizas, the endodermis and vascular cylinder is free from 
infection. 
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From structure alone, Melin has established a good case for the 
exchange of food material in these mycorrhizas with resulting 
benefit to the trees: — “Der anatomische Ban (des Birkes) zeigt dass 
die hohere Symbiont von den Pilzhyphen keineswegs geschadigt 
wird/' The evidence for this, as for a similar condition in coniferous 
mycorrhiza, wiU be considered later. As well as the typical mycor- 
rhizas, pseudomycorrhiza of the kind described for Pine is formed 
both by Birch and Aspen. 



Fig. 55. Longitudinal section through a Birch mycorrhiza. Original drawing 
X 1000. Reduced about (From Melin, 1923 a,) 

As regards the identity of the root fungi, the commonest Hymeno- 
mycetes in northern Birch woods are Boletus scaher and Boletus rufus. 
The presence of these species is practically invariable but has been 
recorded also in other deciduous woods and exceptionally in coni- 
ferous woods. Thus Thesleff (1919) observed both species in Larch, 
Oak, and Alder woods; Peyronel (1917) reported B. scaher under 
FaguSf Corylus, Castanea, and Sorhus aucuparia. Moreover, Fries 
(1874) had noted the association of B. scaher with Birch and Koppen 
(1889) had recorded it from Birch woods throughout Russia. 

In addition to these species of Boletus^ a number of other Hymeno- 
mycetes are common in Birch woods and many had already been 
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cited as mycorrhiza formers. Worotiin (1885 a) had named B. scaber 
and B, edulis; Frank (1892), Amanita muscaria] McDougall (1914). 
Boletus sp. and Cortinarius sp.; Peyronel, Boletus scaber j Amanita 
muscaria, Lactarius necator and Scleroderma vulgare. On account of 
their constant association with the respective trees, Smotlacha (1911) 
believed that B. rufus and B, scaber formed mycorrhiza in Aspen and 
Birch respectively. 

Melin's researches were carried out by means of pure culture 
seedlings as described for Pine and Spruce, the ability to form 
synthetic mycorrhiza being tested and confirmed by inoculation from 
cultures isolated by appropriate methods from the sporophores of 
suspected Hymenomycetes. 

Using similar methods, it was shown that many of the Hymeno- 
mycetes common in Birch woods are mycorrhiza formers. Decisive 
experimental proof has now been supplied by Melin for Boletus scaber 
and B. rufus, both of which formed mycorrhiza in Birch and Aspen, 
also for Tricholoma flavobrunneum and Amanita muscaria which 
formed mycorrhiza in Birch. 

From previous work on Conifers it is regarded as probable that 
a number of other genera, notably species of Lactarius, Cortinarius 
and Russula are likewise responsible for mycorrhiza formation in 
Aspen and Birch. Moreover, although Boletus edulis did not form 
synthetic mycorrhiza under experimental conditions and appears 
only sporadically in Birch woods, it is probably a mycorrhiza former 
of the second order. Boletus luteus and B. badius, so characteristic 
of coniferous woods, were not observed to form mycorrhiza either 
in Birch or Aspen. 

As was the case with Pine and Spruce, the experimental seedlings 
lacking infection grew freely, and showed similar modifications of the 
root system. It follows, therefore, that there is no obligate relation 
with the developmental seedling stages of these trees as in Orchids 
and Heaths. 


Certain earlier observers, e.g. Brefeld (1908) and Duggar (1905) 
had noted the difficulty of cultivating the humus-dwelling Hymeno- 
mycetes on artificial media; the genera Cortinarius, Lactarius, 
Amanita, Russula and Boletus have all been named in this con- 
nection. These records, coupled with his own observations, led Melin 
to the view that such refractory species are possibly obligate my- 
corrhizal symbionts, incapable of growth, or growing with difficulty, 
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in the absence of certain nutritive materials ordinarily obtained from 
the roots of their host trees. 

The list of Hymenomycetes experimentally identified as my- 
corrhiza formers in Pine and Spruce has since been extended to 
include Amanita muscaria, Cortinarius muscosus, Lactarius deliciosus 
and Russula fragilis on Pine, and Amanita muscaria, Cortinarius 
halteatuSy and Lactarius deliciosus in Spruce (Melin, 1925). No proof 
has yet been obtained as to the identity of the forms known re- 
spectively as Mycelium radicis silvestris y, 8 , or of Mycelium 
r, ahietis. 

Fresh light has been thrown upon the physiological aspects of 
mycorrhiza in forest trees in an experimental research designed 
by Melin (1925 c) to elucidate the physiology of nutrition in both 
symbionts and test the nature of their mutual relations. The tentative 
conclusions reached by the author himself are clear from his earlier 
papers. Thus: — “Deranatomische Bau des beschriebenen Mykorrhi- 
zatypus spricht also fur einen gegenseitigen Stoffwechsel zwischen den 
beiden Konstituenten, d.h. dafur, dass wir es mit einer wirklichen 
mutuahstischen Symbiose zu tun haben"' (Melin, 1923 a^ p. 94), and 
again, in relation to the mycorrhiza of Birch and Aspen: — “Die 
Birken- und Espenmykorrhiza ist kein parasitisches Gebilde, wie es 
z.B. McDougall meint, sondem Pilz und Wurzel leben in mutual- 
istischer S5nnbiose miteinander'^ (Melin, 1923 h, p. 517). 

These opinions survived the test of experiment. Valuable results 
were obtained from an experimental study of the root fungi of Pine 
and Spruce in pure culture, and the conclusions based upon them 
constitute an important contribution towards the solution of a much- 
discussed and highly controversial part of the mycorrhiza problem. 
Two aspects of this work demand attention: one, the nutritive 
reactions shown by the symbionts in pure culture with special 
reference to the assimilation of nitrogen; the other, the application 
of the experimental results to conditions found in nature. 

As compared with indifferent soil species, the growth of the 
mycorrhizal fungi of Pine and Spruce is variable and often very 
slow. Some species, e.g. the Boleti associated with these two trees, 
are relatively vigorous, others, e.g. M. radicis silvestris jS, M. r. 
silvestris y, and M. r, abietis, grow extremely slowly, others again, 
e.g. Russula fragilis and Amanita muscaria, are maintained in culture 
with difficulty. Some species form sporophores in artificial media, 
others do not. Many show loss of vigour due to cultural conditions, 
and the physiological change thus suffered is maintained when 
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the mycelium is subcultured to a favourable medium. Such incon- 
sistencies of behaviour can be explained by the assumption that 
many of these fungi are obligate symbionts in greater or less degree, 
incapable of normal growth in the absence of their respective host 
trees. If this assumption be correct, the existence of such forms 
obviously limits the field of experimental enquiry. 

Moreover, the mycorrhizal forms have been shown to be extremely 
sensitive to the H-ion concentration of the substratum. Whereas 
other soil fungi, e.g. Rhizoctonia silvestris and Mycelium radicis 
dtrovirens, grow indifferently on acid and neutral media over a wide 
range of values, the true root fungi, with few exceptions, prefer 
acid substrata, grow badly on those with a neutral reaction and 
are incapable of growth at pH values on the alkaline side of neutrality. 
Optimum conditions for the fungi of Pine and Fir are provided by 
pH values between 4*0 and 5-0. The correctness of these experimental 
values receives support from Hesselman's (1917) field observations 
recording a pH value of about 4-0 in the humus layer of coniferous 
woods throughout northern and middle Europe. In Finland hkewise, 
Brenner (1924) reported values from 3-5 to 4*8 for similar soils. 
Isolated observations on the H-ion concentration in root cells, e.g. 
those of Arrhenius (1922) recording a pH value of 4*5 for the root 
ceUs of Wheat have a possible significance in the same connection. 

The reaction of the root fungi to smaU amounts of phosphatids 
is of particular interest in view of Hansteen-Cranner's observation 
that, under certain conditions, roots of the higher plants excrete 
phosphatids, not only when immersed in distilled water but also in 
nutrient salt solutions and fertile soil. (Hansteen-Cranner, 1922.) 
Furthermore, it is known that the growth of many species of bacteria 
is stimulated by root excretions (Wilson, 1921), (Barthel, 1923), and 
this fact, combined with his own observation that contact with roots 
of the appropriate host trees perceptibly stimulated the growth of 
mycorrhizal fungi, led Melin to examine the reaction of the latter to 
substances excreted from seeds and seedlings of Pine and Spruce^. 

The results obtained from cultures for which different nutrients 
and combinations of nutrients were used, indicated that the diffusible 
substances caused a marked stimulation of growth. For example, 
after 40 days in contact with seeds or seedlings. Boletus variegatus 
gave a dry weight value sixteen times as great, and M. radicis 

^ It had been stated previously (Hansteen-Cranner, 1922) that living seeds 
and seedlings of these trees give off appreciable araounts of (water soluble) 
phosphatids at 20® C. 
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abietis one fifty-six times as great as when grown alone. Control 
cultures in which dead seeds were substituted showed no effect of 
this kind. Similar results were obtained with ordinary soil fungi. 
Assuming that the concentration of phosphatids is proportional to 
the number of seeds used, the experiments indicate that an optimal 
concentration is quickly reached, after which no increase in growth 
can be observed. It was concluded by Melin that the effect is similar 
in kind to that brought about in PenicilUum by the addition of 
an extract of Yeast (Lepeschin, 1924). 

Experiments to test the reaction of the fungi of Pine to various 
nitrogenous food materials proved that none of the forms experi- 
mented with could utilise atmospheric nitrogen; salts of ammonia, 
urea, and nucleic acid were all used as sources of nitrogen, while 
individual fungi could equally well utilise peptone, asparagin and a 
number of organic compounds. Assuming enzyme activity in the 
mycelium to be comparable with that found in the sporophore, 
Melin's conclusion that mycorrhizal fungi in nature can utilise differ- 
ent organic compounds or groups of such compounds in humus soils 
may be safely accepted. 

Variation in the nature of the carbon compounds supplied to 
cultures showed that growth was satisfactory only when glucose was 
added, thus providing confirmation of the popular view that my- 
corrhizal fungi obtain carbon compounds from the root cells. Direct 
observations on humus were difficult owing to the toxicity produced 
by heat sterilisation. Chemical methods of sterilisation were not 
regarded as satisfactory, but humus extracts freed from micro- 
organisms by filtering gave weak growth, the addition of glucose 
producing vigorous development as in a favourable soil. 

The reaction of uninfected seedlings of Pine and Spruce to various 
nutrients has also been experimentally tested. As might be expected, 
no evidence was found that seedlings in pure culture could fix 
atmospheric nitrogen. Inorganic compounds of nitrogen, e.g. potas- 
sium nitrate and ammonium chloride, proved to be favourable sources 
of nitrogen; simple organic compounds, e.g. asparagin, were also 
readily utilised, but more complex bodies like peptone and nucleic 
acid were assimilated with difficulty, and seedlings supplied with 
these substances soon showed symptoms of nitrogen starvation 

(Fig- 56). 

From the experimental results yielded by seedlings and root 
fungi grown separately under pure culture conditions it was un- 
likely that synthetic cultures would exhibit any capacity to utilise 
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atmospheric nitrogen. In view of its great importance this possibility 
was carefully tested and gave negative results, the small increase in 
nitrogen content in seedlings grown in substrata lacking combined 
nitrogen being regarded as due to impurities in the air of the labora- 
tory. Melin has found no evidence of nitrogen fixation on the part 
of any coniferous tree and the claim put forward by MuUer in respect 
to Pinus montana has received no experimental support. 

The root development observed in experimental seedlings varied 
directly with the nature of the nitrogen supply, e.g. roots supplied 
with nucleic acid were from four to six times as long as those 
supplied with potassium nitrate, ammonium chloride or asparagin. 




Fig. 56. Seedlings of Picea abies, three years old, in pure culture, with nucleic 
acid (Nukleinsdure) supplied as a source of nitrogen. A, seedling without 
fungus infection; B, seedling infected with the mycorrhizal fungus, 
Mycelium radicis abietis. About J natural size. (From Melin, 1925.) 

The experiments made by Mehn to test the reaction of infected 
as compared with uninfected seedlings towards various compounds 
of nitrogen are of special interest and importance in view of the 
historic controversy as to the nature of nutrition in tree mycorrhiza 
and its relation to the soil humus. The comparative growth of syn- 
thetic cultures as compared with that of pure culture seedlings 
supplied in each case with ammonium chloride, peptone or nucleic 
acid was measured by means of dry weight estimations. In general, 
the figures obtained and the condition of the cultures justify Melin's 
conclusion that the mycorrhizal fungi facilitate the intake of am- 
monium salts and other organic compounds by the tree, although it 
is not clear that such intake may not be carried out more rapidly 
under pure culture conditions by roots free from fungus infection* 
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By supplying more complex compounds, e.g. peptone or nucleic acid, 
evidence was obtained that these could be assimilated more readily 
by mycorrhiza than by uninfected roots, thus permitting the con- 
clusion that mycorrhizas are organs directly related to the nutrition 
of the tree and having a special importance in relation to the assimi- 
lation of organic nitrogen. For example, for a number of three- 
year-old Pine seedlings, the average percentage nitrogen content was 
2*86 in seedlings with mycorrhiza, as compared with 2*64 in those 
lacking infection. The prevalence and robust development of mycor- 
rhiza in raw humus soils thus becomes extremely significant (Fig. 56) . 

In order to test the Stahl hypothesis in respect to inorganic salts, 
experiments were carried out with different concentrations and 
combinations of salts, final conclusions being based on a comparative 
study of the ash content of 50 plants. The values obtained (Melin, 
1925, Table 43) pointed to the conclusion that inorganic mineral 
salts can be absorbed with equal facility by infected and uninfected 
roots in pure culture. On the whole the experimental results were 
in agreement with the Stahl hypothesis in respect to mineral salts, 
although the benefit derived by the trees was regarded by Mehn as 
quite secondary to that associated with nitrogen assimilation. 

With regard to the maintenance of a balance of power '' between 
the mycorrhizal fungi and their hosts, it is clear from the pure culture 
experiments described that the development of normal mycorrhiza 
is bound up with, and directly depends upon, the physiological state 
existing in each of the two symbionts, the health and vigour of the 
seedlings on the one hand, and the condition of the mycelium on the 
other hand, each playing an important r61e. The ectotrophic and 
endotrophic types of structure may be regarded as independent 
reaction products of the joint activities of mycelium and roots. 
Given an unhealthy condition of the latter and mycelium of high 
virulence,'' the relation may degenerate into one-sided parasitism 
with the fungus in command of the situation. Assuming healthy 
root condition, the development of normal mycorrhiza depends upon 
those physiological qualities in the mycelium which constitute 
“virulence." In respect to this, Melin has proposed a classification 
of the root fungi studied into three classes described as active, less 
active, and inactive respectively. In relation to a particular host, 
members of the first class form typical mycorrhiza more or less easily 
under normal conditions; they are mycorrhiza builders of the first 
order. The fungi included in the second class produce mycorrhiza 
slowly and with dif&culty ; they are mycorrhiza builders of the second 
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order. Those belonging to the third group are unable to form either 
ectotrophic or endotrophic mycorrhiza. In each class are included 
forms of slight, medium, and relatively high virulence,'' as evidenced 
by their behaviour when brought into contact with seedling roots, 
their reaction in each case being determined both by the inherent 
specific qualities of the mycelium and by fluctuating changes in the 
environment. There is at present no fuU explanation of the observed 
fact that one and the same fungus may produce intracellular infection, 
and, under other conditions, give rise to an intercellular net without 
penetration of the cells, 

Melin has correlated the failure to form mycorrhiza of the ecto- 
trophic and endotrophic types in artificial cultures with decreased 
''virulence" on the part of the constituent root fungi. Seeking a 
cause for the latter condition, he determined experimentally that 
the true mycorrhiza formers grew feebly in substrata of xmsuitable 
H-ion concentration, and finds in this fact an explanation both of 
his own experimental observations and of the distribution of coni- 
ferous mycorrhizas in nature. In view of the evidence offered, 
there can be little doubt that the reaction of the substratum is of 
great importance in determining the structural character of the 
mycorrhiza! association. (Melin, 1924 h.) These observations have 
rendered it possible to attach a more precise physiological meaning 
to the varying degrees of "virulence" postulated by MeHn, Exactly 
in what manner the biological relation is affected by the different 
types of structure observed in coniferous mycorrhizas is at present 
unknown. 

No evidence has been obtained for the existence of different 
strains or genotypes of the same fungus species in association with 
different trees. For example, under cultural conditions one and the 
same strain of Amanita muscaria formed mycorrhiza in Pine, Sprace, 
Larch and Birch; one and the same strain of M. r. silvestris formed 
it in Pine, Spruce and Birch. 

The application of these results to natural conditions is of great 
practical interest. In view of the experimental observations, factors 
likely to be effective are: — (i) the H-ion concentration of the soil, 
(2) the condition of the organic constituents of the soil, (3) the 
presence in soil of substances which inhibit growth of the root fungi. 
With regard to the first of the factors, Hesselman (1917) and others 
have reported pH values of 4*0 to 5*0 in coniferous humus throughout 
Sweden, and in such acid soils {Rohhumusboden) mycorrhiza is freely 
produced. In deciduous woodlands Hesselman (1917) and Arrhenius 
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(1920) found pB. values between 6-o and 7-0. In these neutral and 
slightly acid soils (Mullboden) Pine and Spruce form mycorrhiza 
only sporadically, although the absorbing roots frequently develop 
pseudomycorrhiza as a result of invasion by relatively inactive forms 
or by indifferent soil fungi. The variable development of mycorrhiza 
observed in different types of acid soils may be related directly to 
the second set of factors named above, namely, the presence of 
organic compounds of nitrogen acceptable to the mycorrhizal fungi, 
the observed concentration of mycorrhiza in the upper layers of 
humus being possibly due to the same cause. It is not without 
significance that the true root fungi show greater sensitiveness in 
this respect than do Rhizoctonia silvestris, ikf. r. atrovirens and casual 
soil fungi generally. 

With regard to the existence in natural woodland soils of sub- 
stances deleterious to the growth of mycorrhizal fungi there is at 
present no information. Under experimental conditions these forms 
are extremely sensitive to the accumulated by-products of growth in 
the substratum, and mycelium from such poisoned cultures does not 
build mycorrhiza. Viewed in the light of modern work upon soil 
conditions, the experimental results point to the conclusion that 
Conifers are not strictly autotrophic in respect to their nitrogen 
metabolism when growing on humus soils. In Melinas words : — "'Die 
Mykorrhizen sind auf Rohhumusboden sehr giinstige stickstoff- 
vermittelnde Organe, da die Pilzsymbiont ebenso wie die anderen 
Bodenpilze leicht Ammoniak und organische N-Verbindungen assimi- 
lieren konnen.^' If this conclusion be correct, trees possessing typical 
mycorrhiza are remarkably well equipped for competition with mem- 
bers of the soil microflora under the conditions stated. 

It is more doubtful whether the mycotrophic habit is indispensable 
to the healthy growth of Conifers on neutral humus soils. On the 
other hand, weU marked differences are known to exist in such soils 
in respect to the rate at which nitrification takes place, and the 
conditions responsible for such differences may be causally related 
to an irregular development of mycorrhiza. 

Passing now to the effect of mycorrhiza formation upon the 
constituent fungi, it may be noted that the stimulating effect pro- 
duced by contact with the host tree appears to be related definitely 
to the excretion of phosphatids. It has been suggested by Melin that 
certain of the mycorrhizal fungi may be unable to complete their 
development, e.g. form fruit bodies, lacking this stimulus. This 
assumption requires experimental verification. If correct, it provides 
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a satisfactory explanation of the observed disappearance of Hymeno- 
mycetes from cleared woodlands. In the evolutionary sense, the fungi 
concerned in mycorrhiza formation may probably be regarded as 
members of the saprophytic soil flora which have become adapted to 
symbiotic existence, although, in certain cases, e.g. Tricholoma sp., 
they remain relatively independent of it. Assuming the correctness 
of Melin's general conclusion: — ^i.e. "dass die Mykorrhizen fiir die 
Pflanzchen und Baume auf Rohhumusboden und verwandten Boden- 
typen eine vitale Bedeutung besitzen,'' the apphcation of the new 
knowledge gained from experiment becomes a matter of great 
practical interest, and opens up a fascinating new field of research 
in relation to forestry. 

His work has confirmed the view certain to be reached by 
every modern student of mycorrhiza; namely, that there is no sharp 
distinction of the kind postulated by Frank between the ectotrophic 
and endotrophic types of structure. The formation of an external 
sheath and the intercellular development known historically as the 
“Hartig net” do not preclude the existence of an intracellular 
distribution of the same mycelium. Recent experiments have shown 
that the type of mycorrhiza formed is controlled, in the case of 
certain conifers, by the physiological condition of the endophyte 
and by the rooting condition of the host. It is, therefore, a resultant 
of these conditions and must be regarded as an expression of the 
physiological activities of the two symbionts at the time of observa- 
tion. The factors that influence these activities are stiU relatively 
little known ; their study offers a profitable field of enquiry and one 
which must be more fully explored if there is to be any real under- 
standing of the nutritive relations between fungus and vascular plant 
in the case of trees. 

Certain recent researches on the decomposition of woodland 
humus point to conclusions significant in this connection. 

In humus soils the liberation of plant food from the organic 
constituents is known to depend upon chemical changes brought 
about by the nutritive processes of members of the soil micro- 
flora and microfauna. Since these processes involve complex 
chemical changes, the subject is extremely intricate; it is also of 
great practical importance in relation to forestry. Although not 
necessarily or immediately concerned with mycorrhiza, it is closely 
bound up with the activities of soil fungi, and hence comes 
into touch with the ecological and physiological aspects of root 
infection. 
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The deterioration of forest soils resulting from an abnormal 
accumulation of raw humus is stated by Falck (1923) to be directly 
related to the absence of certain members of the fungus flora. In 
fertile forest soils, certain members of the Higher Fungi, especially 
Hymenomycetes and other Basidiomycetes, with members of the 
Mucoraceae, are believed to be primarily responsible for the complete 
decomposition of fragments of wood, leaves and other plant residues. 
Falck has investigated and described the chemical changes involved 
in this process, to which he has given the name '' Mykokrinie.*' His 
researches show hkewise that the normal process of decomposition 
by fungi is often interrupted by the activities of insect larvae, which 
devour both the mycehum and the detritus on which it is growing, 
converting it eventually to a dark-colouired crumbling humus mass — 
a process described under the name of “Anthrakrinie.” In humus 
soils undergoing this kind of decomposition four layers may be 
distinguished : — 

(1) An upper layer of unchanged plant detritus; 

(2) A region in which mycelial activity is conspicuous, especially 
in spring and early summer; 

{3) The humus layer proper, composed below chiefly of dark- 
coloured insect excreta and passing upwards into partially decom- 
posed vegetable detritus; 

(4) The uppermost layer of mineral soil containing the soluble 
material from the humus layer above leached out by rain, and 
traversed by a dense network of tree roots. 

The deterioration of forest soils, due to an abnormal accumulation 
of raw humus and consequent deficiency of available nutrients, is 
believed to be due mainly to the absence of the ordinary woodland 
type of fungus flora. Faihng the activities of suitable fungi, leaves 
and other residues collect upon the surface and undergo chemical 
changes of an entirely different kind, resulting in the conversion of 
the raw humus to "dry peat" (Trockentorf) in which the carbon, 
nitrogen, phosphorus, and potassium are locked up and rendered 
permanently inaccessible to the trees. This formation of peat or 
"Vertorfung" is named "Anthragenie," and can be related by 
transitional types of change to the complete decomposition taking 
place in mycocriny and anthmcriny. 

The factors promoting the latter are believed to be the following : 
high atmospheric humidity associated with high soil temperature; 
a sufficiency of lime; an abundant and suitable fungus flora; the 
favourable character of the detritus. 
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The relatively satisfactory development of many kinds of trees 
on dry peat or other humus soils in which no progressive decompo- 
sition is taking place is explained by an appeal to the mycotrophic 
habit, i.e. by the assimilation of organic nutriment from humus- 
forming detritus with the help of mycorrhizal fungi. 

The benefits accruing to forest trees from symbiotic relations 
with mycorrhizal fungi— excluding nodule-forming associations, in 
which nitrogen fixation occurs— consist, in Falck's opinion, solely in 
the presentation of the requisite foodstuffs in the form of organic 
solutions. 

The advantages of mycocriny^ anthracriny and the mycotrophic 
habit as compared with anthrageny, in relation to practical problems 
of forestry, are discussed by Falck, and he points out that trees 
with well-developed mycorrhiza are far better adapted to unfavour- 
able climatic and soil conditions than are those devoid of fungus 
symbionts. Suggestions are made also for promoting the decom- 
position of humus by biological methods, 

Melin has reported that soil Hyphomycetes do not form my- 
corrhiza in trees, although certain members of the group, e.g. species 
of RMzoctonia, are known to invade roots more or less parasitically 
and to give rise to pseudomycorrhiza. Viewed in the light of Falck's 
observations on the distribution of fungi in forest soils, this con 
elusion is not without interest. 

The ectotrophic habit is typically associated with trees and shrubs . 
For this reason, in the present chapter, attention has been focussed 
upon the mycorrhiza of trees, more especially upon those recent 
experimental researches from which alone can be gained any know- 
ledge as to the real significance of the habit. A few isolated cases 
of this type of mycorrhiza are known in herbaceous plants, notably 
the classical one of Monotropa and its allies. Most of these have 
received mention elsewhere in the present work; in none of them has 
the biological character of the relation yet been illuminated by 
experimental enquiry. 

EXPLANATION OF PLATE VI 

Fig. 50. Knollenmykorrliiza” and “ Gabelmykorrhiza'^ home on the same 
main root of Pine (P. sylvestris). (From Melin, 1923O 
Fig. 51. Mycorrhiza of Beech in superficial deposits of fallen leaves below the 
trees. 

Fig. 52. “Fairy ring” of CUtocyhe sp. under Larch, Co. Wicklow, Ireland. 
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CHAPTER IX 


FUNGUS INFECTION IN BRYOPHYTA 

"Mycorrhiza'' in Bryophyta: fungus infection in Liverworts; Nem§c; 
Stahl; Gallaud; Cavers; Ridler; Bernard; Magrou; the characters of the 
fungi concerned — Infection in Mosses — Mycorrhiza in the Pteridophyta; 
Equisetales — ^Lycopodiales — ^The gametophyte of Lycopodium', histori- 
cal; Treub; Bruchmann; Lang — Psilotum: Shibata — The sporopliyte of 
Lycopodium — Ophioglossales — ^Filicales; Marattiaceae — Filices; fungus 
infection in Osmundaceae, Gleicheniaceae and Cyatheaceae — ^The 
absence of mycorrhiza in Polypodiaceae — New records of its occurrence 
in Aspidium and Pteridium, 

Bryophyta. 

T he regular occurrence of mycelium in the tissues of members of 
Bryophyta has long been known. There appears to be little doubt 
that the relation is frequently of similar biological nature to that in 
mycorrhiza and the use of this term to describe it has been sanctioned 
by usage, although it involves a very loose use of words and appears 
to the writer to serve no useful purpose. 

The history of research on the subject reproduces in miniature 
that on mycorrhiza proper, i.e. it shows an earher period of isolated 
observations and speculations leading gradually to the development 
of a more critical type of experimental investigation. Gottsche and 
Schleiden (1843) had noticed spiral threads in the cells of Prussia, 
the fungal character of which was afterwards recognised by Schacht 
(1854) and by Gottsche himself in 1858. Another early record was 
made by Leitgeb (1874-1881) who described fungal infection in the 
young sporogonium of Ptilidium ciliare. Janse (1897) observed it 
in Zoopsis, a tropical member of Jungermanniaceae native in Java. 

Nemec (1899) recorded the presence of mycelium as a regular 
occurrence in the leafy members of Jungermanniaceae, of which all 
the species examined, with the exception of Jungermannia tridentata, 
were found to be infected. Discussing the incidence of infection, 
he concluded that it was dependent on habitat, and mentioned the 
case of Lepidozia replans, a species showing typical infection in 
humus-rich soil in shady situations but found growing on clay soils 
entirely free from mycehum. Describing the infection of the rhizoids 
and penetration of the neighbouring stem tissues in Calypogeia 
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trichomanes, Nem^c summed up in favour of the existence of a 
reciprocal relation as follows : — 

Man konnte die zapchenformigen Fortsatze vielleicht als Haus- 
torien deuten, welche der Pilz in die Zellen der Wirthspfianze 
einsendet, um Nahrstoffe aus ihnen saugen zu konnen. Es ist jedoch 
anderseits ebenso moglich, dass die Wirthspfianze die Pilzhyphen zu 
derartigen Gebilden reizt, um an einer grossen Oberflache und bei 
inniger Beriihrung moglichst leicht Stoffe entnehmen zu konnen. 

The same author recorded mycelium in the rhizoids of Kantia 
trichomanes, Lepidozia reptans and Lophozia hicrenata. In Kantia, 
the mycelium was believed to be that of Mollisia jungermanniae, an 
Ascomycete with small bluish green apothecia, often found on the 
thallus. Nem^c observed that infected cells in Kantia retained their 
contents, the nuclei placing themselves in close proximity to the 
invading hyphae. 

In members of Jungermanniaceae infection is usually conspicuous 
in the rhizoids, from the proximal ends of which interweaving 
branches form a pseudo-parenchymatous tissue whence outgrowing 
hyphae penetrate the stem. While Nem^c noted that fungal in- 
fection was general in this group of Liverworts, he believed it to be 
absent from members of Marchantiaceae, even when growing in close 
proximity to infected species. Stahl (1900) attempted to correlate 
the incidence of infection in the Hepaticae with his theory of nutrition 
in mycotrophic plants. He identified the members of Jungerman- 
niaceae and Marchantiaceae respectively as sugar-containing and 
starch-containing forms, and proposed to investigate the possibility 
of a parallelism between fungus-infection and the water-balance 
among Liverworts. Unfortunately for'StahPs hypothesis, the sup- 
posed differential behaviour of members of the two groups in respect 
to infection was not confirmed, and evidence was soon forthconoing 
that ^'mycorrhiza'' formation was as frequent a phenomenon in 
Marchantiaceae as in Jungermanniaceae. Indeed, the presence of 
mycelium in the rhizoids of Marchantia and in those of the common 
Liverwort Lunularia vulgaris had already been noted by Kny (1879) 
who observed also that infection extended to the ventral parts of the 
thalli when growing on a substratum rich in humus. 

Beauverie (1902) noted the presence of mycelium in the thallus 
of Fegatella, another member of Marchantiaceae, and believed the 
fungus present to be related to Fusarium, Golenkin (1902) added 
fresh records for the Marchantiaceae, describing endotrophic in- 
fection in Marchantia palmata, M. palmacea, Priessia commuta. 
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Targionia hypophylla, Plagiochasma elongatum and Fegatella conica. 
This author compared the endophytes with those of Neottia and 
Lycopodium, and suggested that the infected tissue functioned for 
water-storage. Against this view Cavers (1903) cited his own obser- 
vations on Fegatella and Monoclea, both typically hygrophilous forms. 
Moreover, the thallus of the former contains well-developed mucilage 
tissue for the storage of water. 

To the genera of Jungermanniaceae recorded by Nem^c as 
mycorrhiza-formers, Cavers added the names of Cephalozia bicuspi- 
data, Scapania nemorosa, Diplophyllum albicans, Plagiochila asplen- 
ioides, Bazzania trilobata and Porella platyphylla, in all cases the 
degree of infection increasing with the amount of humus in the 
substratum. Monoclea forsteri, a New Zealand species, was also 
found to be heavily infected. 

In every plant examined, vertical sections of the thallus showed 
a sharply defined mycorrhizal zone, consisting of from two to four 
layers of cells densely filled with branching fungal hyphae. This 
zone is confined to the thicker median portion of the thallus and 
extends to within a short distance of the growing point. 

Gallaud (1905) held that the endophytes of Liverworts were so 
specialised in character as to form a distinct group, and described 
the intracellular distribution of mycelium and the development of 
vesicles and sporangioles. He also put on record the irregularity of 
infection observed in PelUa: — ''Dans une m^me station de PelUa 
epiphylla, tons les thaUes ne sont pas infestfe, et ceux qui le sont le 
sont in6galement, sans qu'il soit possible, d'ailleurs, d’6tablir entre 
eux d'autre difference qu'on puisse nettement attribuer k Tinfection/' 
In general, he concluded that fungus infection was widely distributed 
in Hepatics, alike in Marchantiaceae and in Jungermanniaceae, and 
he believed that it was limited to the gametophyte generation. It 
was absent from or very rare in the region of the thaUus near the 
sporogonium. 

Humphrey (1906), investigating the development of Fossom- 
hronia longiseta, a member of a genus intermediate in position between 
the thallose Jungermanniaceae and the higher foliose types, noted 
the occurrence of tuberous swellings on the stems. Detailed exam- 
ination of the tissues in these stem enlargements revealed in every 
case the presence, of mycelium. The hyphae were restricted almost 
entirely to the stem and rhizoids, the latter sometimes exhibiting 
lateral swellings suggesting the formation of short branches. The 
existence of a causal relation between infection and tuberisation 
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was not investigated, and there is as yet no information as to the 
character of the fungus in Fossomhronia or its biologic significance 
to the thallus. 

In view of the formation of tubers by other Liverworts — they have 
been recorded in Geothallus tuber osus, Riccia perennis, R. bulbifera, 
Anthoceros tuber osus, A, phymatodes, Petalophyllum preissia, while 
Goebel described and figured them in Fossombronia tuberosa, and 
Howe had noted their appearance in F. longiseta — more information 
respecting the biology of infection will be awaited with interest. 

As might be expected from its nature, the evidence is inconclusive 
concerning the physiology of infection in Liverworts. The amount 
of experimental data is scanty. Cavers grew spore cultures on 
sterilised soil and believed that development was more vigorous when 
mycelium was present. In control cultures he noted also that in- 
fection took place more readily from soil containing abundant humus. 
In general, observers have tended to regard infection as a S5rmbiotic 
relation enabling the host to assume a partially saprophytic method 
of nutrition. In respect to the distribution of mycelium and re- 
striction of infection observed in Liverworts, it is worth recalling the 
fact that Czapek (1889) had recorded the presence of an antiseptic 
substance, sphagnol, in the cell- walls of many members of Hepaticae. 

There is a long gap in the records after 1906 and subsequent 
contributions to the knowledge of fungus infection in Liverworts 
fall well within the modem period. Ridler (1922) confirmed GaHaud’s 
observations on Pellia in respect to the irregular distribution of 
infection and believed it to vary with the age of the thallus rather 
than with the habitat. In fronds showing the typical condition, 
mycelium was found to be localised to the rhizoids and the thicker 
part of the thallus forming the midrib — “the upper two or three 
layers, including the upper epidermis, remains free from hyphae/' 

Gallaud had described the morphology of the endophyte in 
Pellia] main trunk hyphae of large diameter bearing vesicles and 
sporangioles ; while the presence of arbuscules, although not recorded, 
is implied in that of the latter organs. Ridler (1923) corroborated 
these observations and also described and figured the arbuscules 
composed of “very fine and profusely branching threads'' which 
completely filled some cells of the thallus with a network of myce- 
lium, The relation of these structures to the so-called sporangioles 
was well shown in the figures supplied by this author. 

Nicolas (1924) has recently added a new record for Lunularia, 
describing regular endo trophic infection in certain thalli bearing 
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antheridia, although mycelium was absent from neighbouring sterile 
plants. As is well known, the formation of sexual organs by this 
common Liverwort is an exceptional occurrence, but Nicolas' attempt 
to establish a causal connection between the two phenomena was 
unsuccessful inasmuch as he subsequently discovered antheridia- 
bearing plants free from mycelium. 

Certain recent observations on an Indian species of Marchantia 
are of interest. It was noted by Chaudhuri and Raj arum (1925) 
that vigorous plants of Marchantia nepalensis, collected in the neigh- 
bourhood of Lahore, invariably showed fungus infection of the thalli. 
The mycelium was confined to the gametophyte and restricted to 
a zone of tissue below the air canals. 

Isolation experiments yielded a non-sporing mycelium which 
readily invaded fresh gemmae giving rise to the characteristic in- 
fection. The endophyte was cultivated on various artificial media and 
throve on those with a reaction of pB. 6*6 to 7-0. Deprived of maltose, 
the mycelium ceased to grow, whereas withdrawal of asparagin 
produced little effect. It was inferred that the organism depended 
upon its host for a supply of carbohydrates. Comparative cultures 
of infected and uninfected Marchantia thalli on filter paper or 
sterilised soil showed that those lacking mycelium developed nor- 
mally, but died off without producing sporophytes. It was concluded 
by the author that the condition in this species of Marchantia is one 
of reciprocal symbiosis, infection by a specific fungus being essential 
to fuU development of the green plant. 

Among the more important papers published by Noel Bernard 
in the course of his work on Orchid mycorrhiza was one dealing with 
the evolution of plants in relation to symbiosis — V Evolution dans la 
Symbiose (Bernard, igoga), in which the author elaborated his thesis 
that the advanced degree of adaptation shown by certain members 
of the Bryophyta to symbiotic relations with fungi might provide a 
clue pointing to the origin of vascular plants from members of this 
phylum. 

The hypothesis was based mainly on Bernard's comparative 
observations on the relation of tuberisation to fungus infection, 
together with Treub's researches on the comparative embryology of 
the Lycopodiaceae, as a result of which, the latter observer had been 
led to the view that living Vascular Cryptogams were descended from 
plants resembling certain Bryophytes — '"quant k I'essentiel aux 
Muscinees actuelles (plus particulierement aux H6patiques) " (Treub, 
1890). 
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With the intention of providing experimental evidence bearing 
on this evolutionary theory, a study of the relations in Pellia was 
undertaken by Magrou (1925). The account contributed recently by 
this observer provides a consistent explanation of the irregularities 
of infection observed in this common Liverwort and his observations 
on the distribution of mycelium in thalli of Pellia growing under 
natural conditions are in agreement with those on the same subject 
made earlier by Bernard and recorded for the first time in this paper. 
In particular, Bernard had noted that strongly growing fertile fronds 
were immune to infection up to the period of spore dispersal, be- 
coming susceptible to infection subsequently, Magrou has confirmed 
this observation and recognised the presence in early spring of at 
least three generations of superimposed branches in any actively 
growing colony of Pelliay viz, old brown thalli with scars of sporogonia 
of the preceding year; younger thalli, dark green in colour, that have 
just produced sporogonia; and still younger fronds of bright green 
colour bearing antheridia and archegonia. The oldest fronds showed 
profuse infection by the characteristic endophyte, with abundant 
evidence of the effective control exerted by the host, by the gradual 
conversion of arbuscules to sporangioles within the cells of the thallus. 

In the younger generation of fronds, infection was found to be 
less pronounced; in every case, a zone of tissue about the base of the 
young sporogonium exhibited immunity to infection by the rapid 
destruction, not only of haustorial branch systems, but of the main 
hyphal branches. This protective zone included the rhizoids de- 
veloping on the ventral side of the same region. In the youngest 
generation of branches bearing sexual organs, the immunity secured 
in this way was even more conspicuous. Except in those cells most 
remote from archegonia, the mycelium showed complete degenera- 
tion, following so rapidly upon penetration as to cause almost 
complete inhibition of arbuscule formation. This immunity to in- 
fection was limited to tissues neighbouring living archegonia and 
actively developing sporophytes, and came to an end when these 
organs completed their development or became disorganised; fol- 
lowing dehiscence of the capsule, mycelium rapidly invaded the 
surrounding tissues of the thallus. The endophyte was of the charac- 
teristic mycorrhizal type, producing vesicles and arbuscules (Fig. 57 
A,B), Sowings of spores upon infected soil provided young gameto- 
phytes subjected to infection at an early stage of development. 
Observations on infected cells showed that the mycelium caused 
destruction of the chloroplasts, leading to the browning of tissue 
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commonly recorded. It resulted also in marked arrest of growth, 
transferred ultimately to branches developing from islets of meri- 
stematic tissue, thus producing a characteristic tufted habit of 
growth. 

To estimate correctly the exact r 61 e of the endophyte involves, 
in this case as in others, the separation and observation of each 
member of the association in pure culture, and their synthesis under 
controlled conditions. Inasmuch as the endophyte of PelUa has 
hitherto resisted isolation, it has been possible to draw only limited 




Fig. 57. A, Pellia epiphylla: arbuscule in a cell of the thallus. w, cell-nucleus. 
Original x 695. Reduced about J-. B, Pellia epiphylla: cell of the thallus 
enclosing two multinucleate vesicles. Original x 695. Reduced about J. 
(From Magrou, Ann. d. Sc. Nat. 1925.) 

deductions from experimental cultures. The success of aseptic spore 
cultures, whether upon sterilised soil or upon artificial media, was 
found to depend upon the existence in the substratum of a Hdon 
concentration corresponding to that of the soil upon which the parent 
plant had been growing in nature, viz. a value of about 4-85. 
Under such conditions, thalli in aseptic cultures showed rapid growth 
and uninterrupted apical development. By comparing plants so 
obtained with infected thalli, Magrou has inferred the existence of 
alternating phases of rest and differentiation determined by infection. 
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At the time of publication (one year from sowing), sexual organs had 
not been formed by the plants in these cultures^. 

It has been pointed out by Magrou that a causal relation may 
exist between the high degree of acidity found necessary in his 
aseptic cultures of Pellia and the absence of mycelium in the ab- 
sorbing region of the thallus. It is clear that this condition is not 
invariably fulfiUed in nature, e.g. his experimental plants were 
derived from members of a colony upon acid soil (pK = 4*85), whereas 
those used by Ridler were found growing upon soils the reaction of 
which was approximately neutral (pH == 6-8 to 7*0). If the endo- 
phytic mycelium plays any part in the regulation either of the osmotic 
equilibrium or of the H-ion concentration of the cell sap this dis- 
crepancy might be susceptible of explanation. 

Recognition that the proximity of archegonia and young sporo- 
phytes constitutes a definite bar to the spread of mycelium in Pellia 
has helped to clear up confusion in the literature in respect to 
sporophyte infection in Liverworts. It had been stated by more 
than one of the earlier workers, including GaUaud, that fungal in- 
fection in Bryophyta is limited to the gametophyte. There then 
appeared a series of records of sporogonial infection — Leitgeb (1879) 
for Ptilidium, Cavers (1903) for Lophocolea tridentata, Radula com- 
planaia, Cephalozia hicuspidata, and Plagiochila asplenoides. Re- 
viewing these observations in the light of his own researches. Cavers 
concluded that the relation in sporophyte infection was “simply 
that of parasitism."' . 

More recently Ridler (1922), working on Pellia, after recording 
that — “Normal healthy sporophytes were repeatedly examined, and 
no sign of the fungus was discovered in foot, seta or capsule" — 
observed subsequently that mycelium was present in certain ab- 
normal capsules, and isolated a species of Phoma from the infected 
tissues. At the time of the observation, the account given implied 
identity of this mycelium with that present in the tissue of the 
thaUus. It was concluded from the condition of the infected sporo- 
gonial tissues that the relationship was parasitic on the part of the 
fungus: — “The fungus causes a disease, killing the tissues of the 
sporogonium, and in some cases rendering them abortive," Attempts 
to obtain experimental proof by inoculation into uninfected thalli 

1 Killian {1923-1924) has recorded the production of sporogonia by various 
members of the Jungermanniaceae in pure cultures. He attributed lack of 
success in the case of Pellia to the absence of the specific endophyte, and has 
undertaken further experiments with a view to securing further evidence on 
the subject. 
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were not attended by success, and it was admitted later that the 
confirmation of the identity of the two mycelia was lacking (Ridler, 
1923). On general grounds there appears little reason to believe that 
they belong to fungi related in any way to one another. All the facts 
recorded and figured point to pathogenic infection of the sporophyte 
by a parasitic fungus, doubtless the species of Phoma isolated by 
Ridler. Viewed thus, the case falls into line with others recording 
sporophytic infection in Liverworts, and confirms rather than con- 
tradicts the theory of sporophytic immunity offered by Magrou. 

As a transitional group from the thalloid to the f oliose types, the 
Aneuraceae have a somewhat special interest. It was known that 
species of Aneura, e.g. A. pinguis, showed fungus infection of the 
rhizoids and neighbouring cells. Denis (1919) described a biologic 
form” of Aneura sp. without chlorophyll although apparently healthy 
since normal sporogonia were produced on some of the fronds. These 
thaUi showed profuse intracellular infection of the rhizoids and 
ventral tissues by an endophytic fungus which formed typical 
"pelotons” in the cells. The mycelium resembled that noted in 
Aneura pinguis, but the colourless thalli showed markedly heavier 
infection, held by Denis to be directly related to the absence of 
chlorophyll. No experimental data were obtained. An infection 
of similar type in a normal green species of Aneura is shown in the 
photograph reproduced in Fig. 58. In this case likewise the my- 
celium is similar in habit to that of the Orchid endophytes. It forms 
''pelotons” which are subject to digestion by the cells of the host. 
This kind of infection appears to be constant for Aneura^ and is 
markedly different from that recorded in members of the Mar- 
chantiaceae and Jungermanniaceae, in which the endophytes belong 
to the familiar mycorrhizal type producing vesicles and arbuscules. 
In view of PeyroneTs recent conclusions respecting the presence of 
two different endophytes in the mycorrhiza of Flowering Plants, 
this observation is noteworthy. Whether infection by both types 
of fungi can occur simultaneously in Liverworts is at present un- 
known. (PL VII, Fig. 53.) 

In respect to fungus infection in the higher members of Bryophyta, 
endotrophic mycelium is well known to occur regularly in certain 
Moss genera, e.g. Buxhaumia 2cn.ATetraplodon. Peklo (1903) described 
it in the capsule of Buxhaumia aphylla and interpreted it as a case 
of ''mycorrhizal association.” Cooke {1889) and Britton (1911) 
recorded Cladosporium epihryum on various Mosses. Gyorffy (1911) 
noted the presence of C. herharum on capsules of Buxhaumia viridis. 



Mycorrhiza in Pteridophyta 173 

Schimper (1858) and subsequent workers had observed the presence 
of small microspores together with spores of normal size in capsules 
of Sphagnum] the former were regarded as “male spores'' but were 
afterwards identified as the chlamydospores of a “Smut" fungus, 
Tilletia sphagni (Nawaschin, 1892). 

In general, it may be concluded that there is practically no 
evidence at present for the existence of anything in the nature of a 
mutualistic relation with fungus mycelium in Mosses as a whole, 
while the claim for its existence in certain specialised genera, e.g. 
Buxbaumia and Tetraplodon, lacks experimental confirmation. 

Pteridophyta, 

In Vascular Cryptogams, fungus infection may involve either 
phase in the life history or affect both gametophyte and sporophyte 
generations. The word “mycorrhiza," to describe an association of 
fungus mycelium with the prothallus, is obviously a misnomer but, 
as in Bryophytes, its use has been sanctioned by custom. Since the 
biological relation is evidently similar and may even involve the 
same fungus in both generations, it is clear that any full account 
of the condition in Pteridophytes must include both phases. 

Equisetales. It is curious that there is no record of mycorrhiza 
in the genus Equisetum, several species of which frequent soils rich 
in humus. In Equisetum arvense and similar forms, the deep-growing 
habit of the rhizomes may afford an explanation of its absence. The 
association of a reduced transpiring surface and other indications of 
xerophily with absence of fungus infection appeared to offer a direct 
challenge to the theory of infection put forward by Stahl, but an 
experimental enquiry by this observer permitted him to record the 
existence of a relatively rapid transpiration current in species of 
Equisetum. 

The invasion of the prothallus of Equisetum by a species of 
Pythium, put on record by Sadebeck (1875), appears to have been 
merely an isolated case of ordinary parasitic attack. 

Lycopodiales. In this group of Pteridophytes, most of the interest 
relating to fungus infection is centred in the gametophyte stage. 

The prothallus of Lycopodium is still a botanical rarity, known 
to comparatively few botanists. This is not due to lack of interest 
in the genus, but to the two circumstances that the small, sub- 
terranean gametophytes are difficult to discover in nature and have 
only recently been collected in any abundance, while their cultivation 
from spores presents difficulties. 
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• The history of attempted spore germination goes back to the end 
of the eighteenth century, when to English surgeon, John Lindsay 
(1794), reported successful germination of the spores of Lycopodium 
oemuum, but unfortunately left on record no details beyond the fact 
of "'a vegetable growth taking place where they (the spores) were 
sown/' Spring (1842) failed to secure germination and attributed 
his failure to the existence of male plants only 1 This was before 
Hofmeister (1851) had correctly predicted that spores of Lycopodium 
would produce — ^not leafy plants, as was generally assumed at the 
time — ^but prothalli bearing sexual organs. Hofmeister, unfortun- 
ately, failed to secure proof of this by means of spore germination. 
Some success was achieved by de Bary (1858) who germinated spores 
of Lycopodium inundatum, but was unable to maintain the young 
prothalli beyond a ten- or eleven-celled stage. Beck (1880) also 
germinated spores of this species with a similar result. 

The first discovery of gametophytes in nature was made by 
Fankhouser (1873), who found four prothalli of Lycopodium anno- 
timm, with sporelings attached. These, combined with the early 
stages of development previously observed by de Baiy, provided a 
general idea of the structure of the gametophyte oi Lycopodium. 
Large contributions to the knowledge of this still somewhat mys- 
terious stage in the life history were then made by three or four 
botanists, of whom two, at least, carried out researches now classical 
in the history of the subject. Goebel (1887) found and described 
prothalli of L. inundatum, thus completing the story begun by de 
Bary nearly thirty years earlier. 

In 1884 Treub (1884-1890) published the first of his elegant 
researches on tropical species of Lycopodium. In a series of papers 
entitled &udes sur les Locopodiacees he figured and described the 
development and structure of the gametophytes and young sporo- 
phytes of a number of species as found in nature, and recorded also 
the results of a series of laboratory cultures of the spores. These 
accounts have become a part of standard botanical literature and 
need not be recapitulated here. The prothaUi described included 
partially subterranean cylindrical forms with chlorophyll in the upper 
region (L. salakense), similar forms with leaf-like green expansions 
at the surface (L. cernuum), tuberous forms without chlorophyll, 
entirely subterranean in habit (L. clavatum), and the colourless 
branched saprophytic forms belonging to L. phUgmaria and related 
epiphytic species. Treub germinated the spores of L. cernuum in 
the laboratory on soil brought from stations carrying the plant in 
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the field and, under these conditions, succeeded in growing the 
prothalli to a relatively advanced stage of development. They showed 
characteristic infection by an endophytic fungus, the mycelium 
occupying the cells of a median zone in the lower, colourless part of 
the prothalli. 

Treub thus described infection in the prothallus of T. cernuum : — 
''Les cellules p6riph6riques des tubercules renferment toutes les 
filaments d'un champignon endophyte appartenant probablement 
au genre Pythium” The mycelium was found in all the prothalli 
examined, and was apparently harmless to the cells (Treub, 1885). 

To Treub the most striking feature of infection was the dis- 
tribution of the hyphae, intracellular in the peripheral regions, and 
strictly intercellular in the more centrally situated tissues. Sub- 
sequently, he described the gametophytes of a number of other 
species — L, salakense, L. phlegmaria, L. Mppuris, and L. nummu- 
larifoUa, L. salakense has a green aerial gametophyte. When sown, 
the spores germinate at once, and, in this species only, Treub 
succeeded without difficulty in raising mature prothalli with an- 
theridia and archegonia. There is no mention of fungus infection in 
these prothalli, and Treub regarded them as holophytic in nutrition, 
although they lacked the green leaf -like expansions which crown those 
of L. cernuum: — ''En effet, les prothalles de L. salakense ne vivent 
certainement pas en saprophytes; ils sont distinctement verts, bien 
quhls ne contiennent pas autant de chlorophylle que ceux de L. 
cernmm'* (Treub, 1887-1888). 

The gametophyte of L.phlegmaria is a branched structure without 
chlorophyll, bearing gemmae or bulbils which grow directly into new 
prothalli. The distribution of the endophytic fungus is entirely 
intracellular in this species. Those of L. carinatum^ X. hippuris and 
X. nummulariforme are of similar habit. Treub failed to germinate the 
spores of these saprophytic forms. In the case of X. phlegmaria, he 
put on record his conviction that the relation with the endophyte was 
not parasitic : — '' le champignon abrite par le prothaUe pourrait payer 
le service rendu en contribuant h la nourriture de son h6te. II y 
aurait mutuahsme.” 

While Treub's researches were in progress, Frank's papers on 
mycorrhiza appeared and his theory of beneficial symbiosis chal- 
lenged attention. Treub, however, was hardly prepared to admit this 
relation for Lycopodium prothalli in general. In X. cernuum and 
X. inundatum, for example, he inclined to the view that the endo- 
phytes were harmless intruders — “de faire peu de mal" or “de ne 
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pas tuer les prothalles/' With, regard to the identity of the endo- 
phytes, he had originally referred that of L. cemuum to the genus 
Pythium. In view of his own later observations and those of Wahrlich 
(1887) on the root fungi of Orchids, he did not press this suggestion, 
nor did he put forward any subsequent views on the subject. 

Simultaneously with Treub's work on the tropical species, 
Bruchmann's (1885-1898) patient and protracted investigations on 
north European species of Lycopodium revealed the full life history 
of those much more dijBicult forms with subterranean prothalli. 
Bruchmann (1885) found and described the gametophyte of L. 
annotinum, and, thirteen years later, those of L. clavatum, L. com- 
planatum, and L. selago. After repeated efforts, he succeeded in 
germinating spores of several species, a remarkable feature being the 
extreme slowness of germination. For example, spores of L. selago 
began to germinate 3-5 years from sowing, while the mature pro- 
thallus took 6-8 years to develop; those of X. clavatum and L. 
annotinum were even slower, requiring from 12-15 y^^irs to reach 
sexual maturity. The gametophytes of all these species are small 
subterranean tuberous structures, destitute of chlorophyll, and 
apparently saprophytic in nutrition. 

Bruchmann recorded and figured mycelium in the rhizoids and 
adjoining tissues, and observed invasion of the young prothaUus at 
the four- or five-celled stage by an endophytic fungus. He suggested 
that it might be possible to shorten the protracted germination period 
by supplying a suitable stimulant, but did not carry out any experi- 
ments' on this aspect of the subject. 

Almost simultaneously with Bruchmann, Lang (1899) discovered 
and described the gametophyte of L. clavatum. The prothalli of this 
species are very small tuberous bodies, entirely subterranean, and 
destitute of chlorophyll. In the main, the distribution of infection 
is similar to that of the other saprophytic forms — an outer layer of 
cells apparently free from mycelium, a peripheral zone showing 
profuse intracellular infection, and a central region, with hyphae 
confined to the intercellular space system, produced by separation 
of adjacent cells along the middle lamellae. In the last-named 
region, the cells contained abundant starch and evidently con- 
stituted a storage tissue. 

Lang described the mycelium as non-septate with multi-nucleate 
vesicles similar to those recorded by Janse. Arbuscules and sporan- 
gioles were not recorded, but the figures show cells containing 
hyphae contracted about the nuclei. The gametophyte of X. clavatum 
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was regarded as a "total saprophyte with a fungus found living as 
a symbiont in the tissues probably acting in some way as inter- 
mediary/' 

The variety of structure found in these gametophytes had led 
Bruchmann to suggest a classification of the genus based on the 
characters of the prothaUia, but Lang's view, that the observed 
differences of structure were related to habitat and nutrition rather 
than to systematic affinities is now commonly accepted. These 
differences, for example, the green assimilating lobes of the game- 
tophyte of L. cernuum, and the capacity to produce chlorophyll when 
exposed to light exhibited by those of L. selago, doubtless affect the 
mode of nutrition, but they have little influence upon fungus invasion, 
which occurs indifferently in all species. 

During recent years, the gametophytes of a number of other 
species of Lycopodium have been discovered, and all agree in general 
structure with one or other of the types exemplified by L. cernuum, 
L, phlegmaria, and L. clavatum. Holloway (1920) and Chamberlain 
(1917) have described those of various New Zealand species. Dis- 
cussing the profuse fungus infection in the median zone of the 
subterranean prothallus of L. volubile, Chamberlain observed that 

The foot of the sporophyte is strongly haustorial, and the cells 
surrounding it have some starch but very little protoplasm or other 
visible contents; consequently the food supply must come largely 
from the fungus region and must be in a liquid condition even at a 
considerable distance from the foot. 

Spessard (1917) and Stokay and Starr (1924) have given accounts 
of thalli and sporeHngs of several American species, and Degener 
(1924) has recorded the discovery of several hundred gametophytes 
of L, obscurum in a single station. The latter author has also recorded 
the presence of thousands of prothaUi and young sporophytes of L. 
cernuum in volcanic crevices in Hawaii under conditions of abnormal 
heat. None of these recent observers has devoted special attention 
to the details of fungus infection. 

Reviewing the somewhat scanty data derived from artificial 
culture of prothalH, it seems legitimate to conclude that, in general, 
the spores of those forms with green aerial prothalli germinate readily 
and are entirely or comparatively independent of fungus infection. 
Those of species with colourless saprophytic prothalli have either not 
germinated at aU under artificial conditions, or have done so with 
extreme slowness. AU the records point to a dependence of ger- 
mination upon fungal invasion very similar to that in Orchids. 
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As might be expected from their size and subterranean habit, 
the prothalli of Lycopodium are not readily discovered in nature, and 
information as to the exact conditions required for their development 
is still relatively scanty. Ordinarily, they have been found growing 
sporadically in localised areas identified by the presence of young 
sporophytes. It may be hoped that recent discoveries on a relatively 
large scale may lead to fresh information bearing on the exact relation 
between development and fungus infection, and provide some indi- 
cation of the specificity or otherwise of the endophytic fungi. 

The sporophyte of Lycopodium has commonly been described as 
free from fungus infection and there is at present no record of the 
formation of ordinary mycorrhiza by any species. In view of the 
existence of what is probably an obligate relation in the gameto- 
phytic phase, the subject is of some interest, and there are obser- 
vations of possible significance in the literature. Bruchmann (1874) 
investigated the anatomy of several species of Lycopodium without 
making any record of fungus infection, but in L . inundatum he described 
a tuberous development of the young stem, and the formation of a 
peculiar tissue — “Polstergewebe'' — characterised by the separation 
of the cells, and the deposition of granular material between them. 
This tissue appears in the basal part of the young sporophyte and 
sporadically in the stems of the older plants, and Bruchmann believed 
that it functioned in relation to the storage of water. Kuhn (1889) 
made similar observations on X. inundatum, noted the presence of 
fungus mycelium imbedded in the slimy material between the cells, 
and observed that the hyphae could become intracellular — ''Das 
Polstergewebe von Lycopodium inundatum enthalt ebenfalls eine 
Pilzinfection.'' Goebel (1887) likewise reported fungus infection in 
the sporophyte of this species of Lycopodium. Kuhn believed that 
the production of intercellular slime was directly related to the 
presence of endophytic mycelium, but was uncertain as to its exact 
origin, whether from the cell walls or those of the hyphae, Treub 
(1889-1890) , investigating the embryo and young plant of L, cernuum, 
observed the presence of mycelium similar to that in the prothallus — 
"La plantule du Lycopodium cernuum est habitue de mSme par un 
champignon, sans doute le m^me qui se trouve dans le prothalle." 
The tissue of the embryonic tubercle or protocorm in this species is 
differentiated into a central mass with large intercellular spaces and 
a parietal investing layer. At an early stage, the fungus penetrates 
these intercellular spaces; in older protocorms, the mycelium appears 
to fill all the free space between the cells and serves to accentuate 
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the contrast between the two kinds of tissue. The central cells retain 
their nuclei but do not possess starch which is present in the cells 
of the parietal layer. The young plants of L. cernuum produce root 
tubercles in which the constituent cells become rounded off, leaving 
intercellular spaces which also, at an early stage, undergo invasion 
by the mycelium of the endophyte. 

The existence of a causal relation between infection and tubercle 
formation in this species of Lycopodium clearly requires investigation. 
Treub did not put forward any final views respecting the physiology 
of infection — “II est hors de doute que Tendophyte ne fait pas de 
mal aux plantules. Au contraire on regoit Timpression quhl y a un 
certain mutualism entre le tubercle et le .champignon." 

To elucidate the exact nature of this relation, he pointed out, 
would require long and patient researches. In spite of Frank's views 
he evidently regarded the whole subject of the association of vascular 
plants with fungi other than parasites as stiU within the region of 
hypothesis. The rdle assigned by Frank to the root fungi of trees he 
accepted as possible for the saprophytic prothaUi of Lycopodium spp., 
but improbable for the prothallus and young sporophyte of L. 
cernuum, since the latter prefers soils markedly deficient in humus. 

With regard to other genera of the Lycopodiales, Bruchmann 
(1897) reported fungus infection in the roots of Selaginella spinulosa, 
while Stahl (1900) recorded it as absent from those of S. helvetica, 
correlating this observation with the abundant development of root 
hairs in the latter species. In the rhizome of Psilotum triquetrum 
mycorrhiza was recorded by Solms Laubach (1884) , who also observed 
and figured invasion of the vegetative bulbils by a mycelium — “ dont 
les branches commencent k former les pelotons des hyphes qui se 
trouvent toujours dans le tissu de la plante." It was noted also by 
Janse (1896-7), and byBematsky (1899), who attempted to isolate the 
endophyte and extracted a form which he regarded as a Hypomyces. 

Later, Shibata (1902) undertook a cytological study of the my- 
corrhiza of Psilotum and describeditin detail. He noted that the intra- 
cehular mycelium underwent complete disintegration by the digestive 
activity of the host cells and recognised a differentiation of the infected 
tissue to “ PilzwirthzeUen " and “ Verdauungzellen " similar to those of 
Orchids. The nuclei of infected cells showed signs of great activity, and 
were believed to directly influence both the digestion of mycelium and 
the production of an amyloid-like material in which the hy phal residues 
became imbedded. The intracellular mycelium was of the non-septate 
type and produced vesicles containing fatty substances. 
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A gametophyte believed to be that of Psilotum was described by 
Lang (1901). The prothallus was found embedded in humus in the 
neighbourhood of the sporophyte on the stem of a tree fern. It was 
a small tuberous body about a quarter of an inch in diameter, without 
chlorophyll, but developing a faint green colour in the exposed 
tissues. The external layer and the central tissues were free from 
mycelium; between them, a peripheral zone of cells showed profuse 
intracellular infection by fine mycelium with vesicles of the usual 
type, bounded internally by a layer of cells marked by a somewhat 
unusual development of intercellular vesicles. 

The prothallus of described by Holloway (19176), and 

by Lawson (1917, 1918), is also a non-chlorophyllous saprophytic 
structure showing endotrophic fungal infection of the usual kind. 

Ophioglossales, 

The three genera belonging to this group are included in the single 
family Ophioglossaceae. In general, the sporophytic tissues are of 
simple type. The rather fleshy roots are unbranched or very sparingly 
branched, and are otherwise characterised by the complete absence 
of root hairs and the development of typical mycorrhiza in the middle 
region of the cortex. Russow (1872) recorded fungus infection in 
mature roots of Ophioglossum vulgatum, Bruchmann (1904) described 
it in the same species, and Campbell (1907) noted it in 0 . pendulum 
and 0 . moluccanum. Subsequently it was found in other species, 
notably in the remarkable reduced form 0 , simplex (Bower, 1904). 

In transverse section, the roots of Ophioglossum show a broad 
parenchymatous cortex with a zone of typically infected cells towards 
the middle region. 

In Botrychium, GreviUius (1895) recorded root infection in twelve 
species, Kiihn (1889) described it in the Moonwort, Botrychium 
lunaria, and Bruchmann (1906) observed it in roots of young plants 
of the same species, noting that its presence at this stage associated 
with slow leaf development implied a saprophytic habit for the early 
stages of growth. Holle (1875) observed that the stronger roots of 
Botrychium were free from infection, which was confined to those 
showing diarch structure. Marcuse (1902), commenting on the 
mycorrhiza of Botrychium lunaria, remarked that it difiered from 
those of most mycorrhizal plants in that the starch content of the 
infected cells showed no diminution after entry of the mycelium. 

In Helminthostachys, Farmer (1899) recorded mycelium in the 
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first three or four roots of the sporophyte, and its absence from those 
which developed later. 

It may be concluded, therefore, that endotrophic mycorrhiza 
occurs generally in all members of the Ophioglossaceae, but is some- 
what inconstant in appearance. Up to the present, this inconstancy 
has been related to the age of the plant and to that of individual 
roots rather than to factors in the external environment. 

The prothalli in all known members of the family are of the 
subterranean type familiar in Lycopodium. In certain species, traces 
of chlorophyll have been observed ; otherwise they are small cylind- 
rical or tuberous structures, subterranean in habit, quite destitute of 
chlorophyll, and showing extensive infection by an endophytic 
fungus. As in Lycopodium, knowledge of the gametophytes has been 
derived partly from prothalli found in nature, partly from artificial 
cultures. The first to be described, that of Botrychium lunaria, was 
found by Hofmeister (1862). Subsequently, those of various species 
of Ophioglossum were discovered by Mettenius (1856), Campbell 
(1895, 1907) , Lang (1902) and Bruchmann (1904) ; those of Botrychium 
by Campbell (1895), Jeffrey (1898), Lyon (1905) and Bruchmann 
(1906) ; and that of Helminthostachys zeylanica by Lang (1902). 

Campbell described the gametophytes of OpMoglossum moluc- 
canum as from 5 to 10 mm. long, Mettenius those of O. pedunculosum 
as varying from 1*5 lines to 2 inches in diameter. In all species they 
are usually thickened to form a tuberous swelling at the basal end, 
and exhibit extensive intracellular infection by mycehum in all but 
the apical regions. In that of 0 . pendulum, described by Lang (1902), 
the mycelium was noted as closely resembling that observed by 
Janse (1896-7) in roots of sporophytes of the same species. In the 
young prothaUus, mycelium occupies the superficial cells at the base 
and extends into the central tissues of the lower hah, avoiding the 
meristematic tissue and that bearing reproductive organs. The pro- 
thalli of 0 , pendulum were found growing in humus among the leaf 
bases of epiph5d;ic ferns, and probably persist for several years. 
Infection is conspicuous and the mycelium suffers intracellular 
digestion. Spores of this species and of others germinate readily in 
artificial cultures, but have not been observed to develop beyond 
the 3-celled or 4-ceUed stages lacking infection. Following his own 
observations and experiments, Campbell observed — ''It is pretty 
certain that the association with the fungus is a necessary condition 
for the further development of the endophyte.” 

The prothaUus of Botrychium is infected in a similar manner. 
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Both in B, virginianum and in B. lunaria, infection extends through- 
out the greater part of the central tissue leaving a peripheral region, 
including the meristem on the upper side, free from infection. As in 
Ophioglossum, it probably takes place at an early stage of develop- 
ment (Campbell, igii) . It is reported that invasion by the endophyte 
is followed by disappearance of starch and accumulation of oil, the 
latter not readily soluble in alcohol. 

The gametophyte of Helminthostachys zeylanica has been described 
by Lang (1902). As in the other genera, mycelium is invariably 
present showing a distribution similar to tYi^XinBotrycMum, Attempts 
to germinate spores were unsuccessful, and it may be surmised that 
the presence of the endophyte is one of the factors essential to success. 

The character of the mycehum found in the gametophyte is 
similar throughout the group. The intracellular hyphae are variable 
in size and in form, in some cells swelling out to sac-like vesicles, 
in others giving rise to spherical structures recalling the sexual 
organs of members of Peronosporaceae. From this similarity, Jeffrey 
(1898) concluded that the endophyte of BotrycMum showed affinities 
with the genera Pythium and Completoria. 

There is no mention of “arbuscules"’ or '"sporangioles” in the 
literature, although the intracellular mycelium apparently undergoes 
digestion, and in other respects the endophyte resembles the ubi- 
quitous Phycomycete type '' recorded by Peyronel. In respect both 
to the obligate character of the association in the gametophyte phase 
and the identity of mycelium in gametophyte and sporophyte 
generations more information derived from experimental cultures is 
required. From the known facts, it is reasonable to conclude that an 
obligate relation with specific endophytes has been evolved in the 
gametophytes of all genera, and that the young roots of developing 
sporophytes are subject to infection by the same fungus. Whether 
such infection is a necessary condition for the normal development 
of roots is not known. 

Filicales, 

In the Filicales, mycorrhiza formation in the sporophyte, and a 
corresponding type of fungus infection in the gametophyte, is found 
regularly in the family Marattiaceae and sporadically in other groups. 
It is of rare occurrence in the Leptosporangiate Ferns and has not 
hitherto been put on record for the Polypodiaceae (see p. 185). 

Marattiaceae, For the six genera of ferns included in the Marat- 
tiaceae, there are a number of isolated records respecting root infec- 
tion in the sporophyte, but practically no experimental data. Russow 
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(1872) summarised Ms comparative observations on members of tMs 
group and the OpMoglossaceae as follows: — 

In den unterirdischen Wurzeln fallen die zwei bis drei inneren Lagen 
der Aussenrinde vor den iibrigen in den Augen durcb den Inhalt 
ihrer Zellen, der aus Zussammengeballten, schwach gelblich tingirten 
zum Theil durchscheinenden, zum Theil grumosen Massen besteht, 
die sich. auf Zusatz von Jod dunkel schmutzig-gelb farben in den 
Wurzeln der OpMoglossen kommen in den entsprechenden ZeUen 
ahnliche Conglomerate vor, die durcb eingedrungene Pilzfaden vem- 
sacht zu sein scheinen; bei den Marattiacen waren keine Pilzfaden 
wahrzunehmen. 

Kuhn (1889) described endophytic mycelium in the roots of 
Angiopteris evecta^ Kaulfussia aesculifolia, and Marattia alata, but 
sought in vain for evidence of infection in M. fraxinea. He claimed 
also to have isolated from roots of M. alata an endophyte which 
spored in pure culture. No proof of identity was obtained and, from 
the methods employed, it is not unlikely that the fungus in question 
was a member of the epiphytic flora of the roots. Stahl (1900) failed 
to observe infection either in M. alata or in M, fraxinea, but recorded 
it as constant in Angiopteris evecta, GalLaud (1905) figured the 
mycorrhiza of Angiopteris durvilleana, describing it as of similar type 
to that of Arum maculatum (cf. Fig. 12 a, p. 59). 

West (1917) published an account of his observations on a number 
of marattiaceous species, and his main conclusions are included in the 
following brief summary. In Angiopteris henryi, Kaulfussia aesculi- 
folia, and Marattia cooperi, the, ^endophyte was found regularly in 
the primary roots and earlier adventitious roots but was inconstant 
in appearance in those formed later. It was usually absent from the 
aerial parts of the roots, from a proportion of the mature roots of all 
species, and from all the roots of some of the plants examined. This 
inconstancy may explain the failure of Kiihn and Stahl to find 
infection in certain species of Marattia and in Danaea alata, and also 
the statements made by Campbell {igix) and Charles (1911) re- 
specting the distribution of the endophyte in older roots. There is no 
evidence that the incidence of infection is correlated in any way with 
soil conditions. 

The distribution of mycelium is inter- and intracellular; vesicles 
and arbuscules are formed (cf. GalLaud, Figs. 13, 34, 35), the latter 
showing every stage of degeneration due to the digestive activity of 
the root ceUs. An unusual feature recorded by West is the presence 
of thick-walled resting spores believed to be identical with those 
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observed by Kuhn in roots of Kaulfussia. Attempts to isolate the 
fungus met with no success. On the morphological characters. West 
believed its affinities were with members of Peronosporaceae, and 
he placed it in a new genus Stigeosponum, naming it, by reason of 
the habitat, 5. marattiacearum. 

The roots of Danaea alata and D. nodosa also form mycorrhiza, 
the endophyte being apparently not Stigeosporium but a distinct 
form. In view of the absence of reproductive bodies no attempt was 
made to determine the affinities and systematic position of these 
fungi. 

The gametophytes of members of Marattiaceae are green thalli 
resembling those of the Leptosporangiate Ferns but more massive 
in structure and longer lived, Campbell (rgii) recorded an endo- 
phyte similar to that found in the prothaUi of members of Ophio- 
glossales as present in almost every case in those of Angiopteris evecta 
and Kaulfussia aesculifolia, A similar fungus was known to occur in 
Mamttia douglasi and was presumably also present in prothalli of 
other species of this genus. 

In the central tissues, intracellular infection was observed to be 
associated with the disappearance of starch and degeneration of 
plastids in uninfected cells. The irregular vesicular swellings which 
suffer digestion in the prothalli of Ophioglossaceae are said to be 
absent. Experimental data are scanty but there appears to be no evi- 
dence that spore development is in any way bound up with infection. 

In both groups of Eusporangiate Ferns, the biologic relations 
appear to be of the usual kind. In its mode of entry the endophyte 
behaves as a parasite, but the invaded cells show no symptoms of 
injury and the attack is confined to the absorption of starch and other 
non-living cell constituents, a proportion of which become once more 
available to the host by subsequent digestion of intracellular my- 
celium. There is, at present, no experimental data bearing on the 
possibility of nitrogen fixation by the endophytes, nor any which 
throws light upon their reaction to the organic constituents of the 
humus soils in which many of these prothahi grow. 

Stahl (1900) drew a comparison between the Ophioglossaceae with 
their reduced root systems, absence of root hairs and regular endo- 
phytic infection and the Marattiaceae with — as he believed — a more 
efficient water economy and less frequent infection. In respect to the 
latter group he held that they occupied a position intermediate 
between the regularly infected Ophioglossaceae and the ordinary 
Ferns (Polypodiaceae) which were reported free from mycorrhiza. 
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Filices, 

In this group — ^the Ferns in the popular sense — the formation of 
mycorrhiza is an uncommon phenomenon, a curious and at present 
unexplained fact in view of the distribution of the members on wood- 
land and other humus-rich soils. 

Janse (1896-7) observed root infection in Cyathea sp. in Java but 
found none in the epiphytic Asplenium nidus-avis. Stahl (1900) noted 
the absence of mycorrhiza from Osmunda regalis, the Hydropterids, 
and many members of Polypodiaceae; namely, Aspidium Jilix-mas, 
A. lobatum, Asplenium filix-femina, A. viride, Pteridium aquilinum 
and Polypodium vulgare. Frank (1887 Z?) had already observed that 
Aspidium thelypteris was uninfected. In view of the absence of any 
positive record of mycorrhiza in members of Polypodiaceae and the 
existence of more than one negative observation for Aspidium filix- 
mas, it is of interest to place on record its appearance in roots of this 
fern from the neighbourhood of London. In this, at present, unique 
record of mycorrhiza formation in the family Polypodiaceae, the 
mycelium is concentrated in a single layer of cells in the inner cortex 
and the intracellular mycelium shows the usual characteristic 
features. The relation is evidently entirely different from that in 
ordinary parasitic invasion by mycelium and shows the characters 
and features invariably associated with endotrophic mycorrhiza 
(PI. VII, Figs. 59, 60). 

It is probable that endophytic mycorrhiza occurs in the roots of 
members of Polypodiaceae more commonly than has been supposed. 
I am indebted to Dr E. McLennan for the following unpublished note 
recording its occurrence in Bracken {Pteridium aquilinum ) : — 

Roots of the Bracken fern {Pteridium aquilinum), obtained from 
Castlemaine, Victoria, Australia, when sectioned and examined 
microscopically, showed a typical endophytic mycorrhiza. It was 
noticed that entrance to the root was effected through the root 
hair, the travelling hyphae carrying the 'infection' horizontally 
through the outer and middle cortex, while the digestive zone 
occurred only in the endo-cortex. Arbuscules and sporangioles were 
observed in the two or three cortical cell-layers immediately adjacent 
to the endodermis. The soil from which the roots were collected 
was a heavy clay. 

In the gametophyte generation of the Leptosporangiate Ferns, 
there are isolated records of infection, but no evidence of the existence 
of a specialised relation with the endophyte. In Osmunda cinna- 
momea, Campbell (1908) noted that many prothaHi contained an 
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endophytic fungus resembling that in Ophioglossum and Botryckium, 
He also observed a similar type of infection in prothalli of four species 
of Gleichenia from widely separated geographical regions, namely, 
G. polypodioides, G. dichotoma, G. laevigata and G. pecHmta. He 
concluded — “that an endophytic fungus is normally present in the 
green prothallia of several Marattiaceae, Osmundaceae, and Gleich- 
eniaceae, and it is highly probable that further research will show 
similar fungal endophytes occurring in the prothallia of many other 
ferns/' Campbell also put forward the view that the presence of the 
endophyte may have been an important factor in the evolution of 
the saprophytic, subterranean gametophytes of the Ophioglossaceae 
from green holophytic forms resembling those of Marattiaceae. 

Commenting on the evidence of infection in Fern prothalli in 
general, Campbell has noted the possible occurrence of a series leading 
from complete saprophytism and dependence upon infection, as in 
Ophioglossaceae, to a more or less casual type of infection, as in the 
green prothalli of Marattiaceae and the families of Leptosporangiate 
Ferns. 

With the exception of a few experimental observations on the 
germination of spores with and without the endophyte, there is at 
present no experimental evidence upon which to base an opinion as 
to the precise significance of infection in Ferns. There is evidently 
a close parallelism with the condition in Lycopods, both in respect 
to the inconstancy of infection in the sporophytes and its invariable 
association with a non-green saprophytic gametophyte stage. 

The evidence put forward by Stahl (1900) in support of his theory 
of nutrition in mycotrophic plants has been subjected to criticism in 
more than one instance in the present review. His attempt to 
correlate fungus infection with economy of water exchange in Ferns 
was criticised by Bower (1908), who pointed out that there is less 
evidence of this in Cyathea, which forms mycorrhiza, than in As- 
plenium nidus-avis and Osmunda regalis which do not. Bower finds 
little evidence among Ferns that the mycorrhizal habit is an effective 
source of organic nutrient supply. If it were, he adds, it might be 
expected that examples would occur showing vegetative reduction 
and loss of chlorophyll, whereas, with rare exceptions, e.g. Ophio- 
glossum simplex, this is not the case. 

In Bower's opinion, the facts do not bear out the general assump- 
tion that mycorrhizal symbiosis, as seen in certain Pteridophytes, is 
directly associated with vegetative reduction of the infected sporo- 
phyte as a whole. In this respect the section of Ophioglossum known 
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as Ophioderma is exceptional, and is regarded as providing a series 
in which mycorrhiza has become effective as a partial substitute for 
chlorophyll nutrition, while reduction of the vegetative system has 
actually followed as a consequence. Ophioglossum simplex represents 
an extreme case showing complete disappearance of the sterile lamina 
of the leaf. 

The family Psilotaceae has also been cited as one in which a 
tendency towards reduction of the vegetative organs points to the 
efficiency of mycorrhiza as a nutritive mechanism. 

EXPLANATION OF PLATE VII 

Fig. 58, Aneuva sp. Cells of thallus showing infection by a mycorrhizal fungus 
of the Rhizoctonia (Orchid) type, n, cell nucleus. 

Fig. 59. Aspidium filix-mas. Transverse section of root showing development 
to mycorrhiza. m, infected cells. 

Fig. 60. Single cell from mycorrhizal layer shown in Fig. 59, more highly 
magnified. Main branches of intracellular mycelium with arbuscules, 
subsequent to digestion, a, arbuscules. 

Fig. 61. LoUum temulentum. Cells from the innermost zone of the root cortex, 
prior to bursting of the sporangioles. At this stage, the cell contents 
include the nucleus, cell cytoplasm, shrivelled hyphae, and intact spor- 
angioles enclosing the fat about to be liberated into the cell lumen. 
n, nucleus; pp, protoplasm; i.s., intercellular space; eM., empty hyphae; 
sp, sporangioles ; 0, cell of the innermost zone of the cortex. Original x 1050. 
(From McLennan, Annals of Boi. 1926.) 

Fig. 62, Portion of a cell similar to those shown in Fig. 61 at the exchange 
stage, showing intact and burst sporangioles. h, hypha; sp., intact spor- 
angiole; b.sp., burst sporangiole; f.g.^, free fat globules; fat globules 
seen through wall of intact sporangiole. Original x 1260. 

(For text reference to Figs. 61 and 62, see Chapter XI.) 



CHAPTER X 

TUBERISATION 


Tuberisation : The association of root nodules or tubercles with fungus 
infection — Historical — ^Nodules of leguminous plants: early views — Root 
nodules of Alnus, Eleagnus, Myrica, Ceanothus: early observers; 
Bottomley; Spratt — ^The root tubercles of Cycads — Root nodules of 
Podocarpus and other Conifers: Spratt; McLuckie; Yeates. The tuberi- 
sation theory: Bernard; Magrou. 

O bservations associating the presence of fungus mycelium with 
the formation of nodules or tubercles are not uncommon in 
the literature of root infection and merit brief notice, albeit many of 
the earlier records betray inaccuracies due to faulty observation 
and still more faulty technique. 

Malpighi (1679) figured small nodules on the roots of legumes, 
mistaking them for insect galls, and similar observations were made 
by Duhamel (1758). Meyen (1829) noted the root tubercles of Alder 
and beheved them to be parasites similar in habit to members of 
the Orobanchaceae, although of more lowly development. Schacht 
(1853, i860) also observed these conspicuous outgrowths on Alder 
roots, regarding them first as normal and afterwards as abnormal 
outgrowths, but he made no attempt to explain their presence. 
Woronin (1866) believed that the organism present belonged to the 
genus Schinzia, founded by Nageli for a mycelium observed in Iris 
roots; he named it, accordingly, 5 . alni. Later, following a paper by 
Gravis (1879) on the same subject, he reinvestigated the structure 
of young nodules, and found in the cells an organism believed to be 
identical with his previously described Plasmodiophora brassicae in 
Turnip. Woronin concluded that both a Myxomycete and a fila- 
mentous fungus were constantly present in the nodules of Alder, 
a belief which Gravis (1885) endorsed in a subsequent paper. 

Warming (1876) noted similar “galls'" in Hippopha&, Eleagnus 
and Shepherdia, and discovered in all cases an organism resembling 
the ''Plasmodiophora” of Woronin. Moeller (1885), after repeating 
once again the observations on Alder, named the endophyte P. alni, 
but Woronin adhered to his original view that a filamentous fungus 
was also present. 

The confusion caused by all these conflicting views was partially 
cleared up by Brunchorst (1886) , who, by the use of improved methods, 
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showed that the so-called "plasmodia"' were actually the cell proto- 
plasts, imbedded in which were fine filaments believed to be fungus 
hyphae. The bodies mistaken for spores by Woronin and Moller he 
held to be sporangia. 

Brunchorst referred the fungus in Alder nodules to a genus dis- 
tinct from Schinzia, proposing for it the new generic name, Frankia. 
Unfortunately he rejected the well-known specific designation and 
renamed the organism Frankia subtilis; he regarded the mycelia 
present in the nodules of the various other plants mentioned as 
belonging to the same fungus. Subsequently, Woronin accepted 
Brunchorst's views on Alder nodules in the main, though still dif- 
fering in respect to the interpretation of certain details of structure, 
and incidentally, caused further confusion by giving the name 
Frankia brunchorsti to the organism present in Myrica gale. 

Equal disagreement existed in respect to the significance of 
these structures. In Alder, Ward (1887) believed that the mycelium 
was responsible for certain changes appearing in the cytoplasm of 
the host cells. Frank (1887 c) rejected the view that the nodules were 
due to parasitic invasion, and expressed the opinion that they were 
normal organs functioning for the transitory storage of proteins. 
In view of the existing confusion he further suggested that the names 
Schinzia alni, PlasmoMophora alni, Frankia subtilis and Schinzia 
leguminosarum should be deleted from mycological literature ! 

Weber (1884) examined the root nodules formed by the Toad 
Rush {Juncus bufonius), and referred to certain earlier observations 
by Magnus, who had described a mycelium present in the roots of 
this species and also in those of Cyperus fiavescens under the name of 
Schinzia cypericola. 

The structures produced by the Toad Rush resemble miniature 
Potato tubers (Fig. 63). Formed only by certain individuals, it is at 
present an open question if they should be regarded as a varietal 
character or as a response to soil or other external conditions. 
Their precise morphological nature is not clear from the published 
accounts, while the possible existence of a causal relation with fungus 
infection requires experimental investigation. 

Frank (1891) expressed the opinion that the root nodules of 
Alder and of members of the Leguminosae were biologically related 
to mycorrhiza. Since they appeared to be structures morphologically 
distinct from roots, he proposed that they should be named '' My- 
kodomatien.'' The exact nature of the endophyte was in some doubt. 
While expressing the view that the filaments resembled those of a 
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bacterium belonging to the Leptothrix group, he evidently inclined to 
the view that they were fine hyphae. In the case of certain legumes, 
e.g. Phaseolus vulgaris, he held that the nodule organism was purely 
parasitic. In the same paper Frank (1891) elaborated his conclusions 
in respect to '"Pilzsymbiosis” in general, 
enumerated the families in which mycor- 
rhiza had been observed, and noted that 
the true nature of the Rhizobia was, in 
most cases, still unknown. Much contro- 
versy took place at this time and later 
respecting the real nature of the ''Infec- 
tionsfaden"' in the tissues of leguminous 
nodules. 

Schneider (1892) made observations 
upon American ''Rhizobia’^ and pub- 
lished a scheme of classification to include 
the forms observed in different species. 

He contributed his own views to the con- 
troversy respecting the exact nature of 
the nodule organisms, which, by that 
time, had been described by Woronin as 
'^Bakterien,” by Brunchorst as ''Bakte- 
roiden/' by Ward (1889) as '"spores'" or 
""gemmules" and by Beijerinck (1890) as 
a specific bacterium, Bacillus radicicola. 

, Subsequently he published an historical 
survey of the history of leguminous 
nodules and the literature concerning 
fixation of atmospheric nitrogen by 
plants, while Bottomley (1907), contri- 
buted to that dealing with the morpho- 
logy of root nodules in general. 

When HeEriegel and Wilfarth brought ^'8; ® 3 ; Juncuslufonius-. basal 

to a close a long senes of experiments system and a single tuber, xy. 
dating back to 1862 and put forward their 

new hypothesis respecting the nitrogen-assimilating powers of 
leguminous species, they established experimentally two essential 
facts. One, the direct relations between nodule formation and the 
ability of legumes to utilise atmospheric nitrogen: the other, the 
dependence of the nitrogen-fixing capacity on the activities of 
organisms present in the nodules. 




Tuherisation 


191 

It is outside the scope of the present review to attempt a survey 
of the voluminous literature dealing with the root nodules of legu- 
minous plants. Some mention of the subject is called for in an his- 
torical account of work on root infection, because the earlier observers 
commonly attributed the formation of root nodules — ^whether by 
members of Leguminosae or of other groups — ^to endotrophic fungus 
infection similar to that in mycorrhizas. Of recent publications 
dealing with various aspects of the subject may be mentioned papers 
by Spratt (1919), Lohnis and Hansen (1921), Bewley and Hutch- 
inson (1920), and Wright (1925). 

Nodules very similar in appearance to those of legumes are 
formed not only by Alder, but also by species of Eleagnus, Ceanothus, 
and Myrica. Hiltner (1896) had reported the presence of bacteria 
in the root nodules of Alder and Eleagnus, and demonstrated ex- 
perimentally that young Alders without nodules did not thrive in 
soils poor in nitrogen, whereas inoculation by the appropriate 
organism was followed by nodule formation accompanied by greatly 
increased growth. He had noted also that the production of nodules 
was more active in poor soils, and inferred that the numbers produced 
by Alder under conditions of nitrogen deficiency could be used as a 
measure of the activity of the tree in respect to nitrogen fixation. 
The nodules in the roots of Ceanothus americanus were examined by 
Beal (1890) and Atkinson (1892), the latter of whom named the 
organism present Frankia cecmothi. Later, Bottomley (1915) 
investigated them and, in the light of his own work on similar struc- 
tures in other plants, reported that they represented modified lateral 
roots infected by a bacterium belonging to the Pseudomonas {Bacillus) 
radicicola group. 

The work of Shibata (1902) on Alnus incana and Myrica gale 
has already been noted. Although he inferred infection by fungus 
mycelium in the roots of both species, this author noted that in 
Alnus the structure of the thread-hke “hyphae” was bacterial in 
character, while in Myrica he suggested that the endophyte was 
related to Actinomyces rather than to the Fungi proper. 

From root nodules of the same species, Peklo (1910) isolated an 
organism which he identified as a species ot Actinomyces, but attempts 
to reproduce nodule formation by means of inoculation were not 
attended by success. More recently, Dufrenoy (1920) has recorded 
Actinomyces sp. as an endophyte in roots and shoots of Adenostyles 
albifrons in the Pyrenees, and expressed the view that shoot infection 
of a similar type hkewise occurs in members of Compositae, Orchid- 
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aceae and Ericaceae, although further work is required to establish 
this claim. 

The nodules of Myrica were subsequently investigated by 
Bottomley (1912) who reported infection by a nitrogen-fixing 
organism belonging to the Pseudomonas radicicola group. Old nodules 
and the basal regions of younger ones were subject likewise to 
occasional infection by mycelial fungi. 

The curious coralloid roots produced by all genera of living 
Cycads have often attracted attention. They were studied by Reinke 
(1873), Schneider (1894), Life (1901) and Zach (1910). According to 
Spratt (1915), the initial stimulus to their formation is due to infec- 
tion by Pseudomonas radicicola. Later, they suffer multiple invasion 
by other micro-organisms — ^invariably by species of Azotobacier 
frequently also by species of Anabaena that give rise to the 
characteristic algal zone. 

Mention has been made of the nodular roots formed by Podo- 
carpus. Experimental enquiry convinced Nobbe and Hiltner (1899) 
that these structures were actively concerned in the fixation of 
atmospheric nitrogen. Thus, they found it impossible to cultivate 
young plants of Podocarpus in quartz sand lacking combined 
nitrogen in the absence of the organism responsible for nodule 
formation, whereas plants possessing nodules made healthy growth 
during five years’ cultivation in like conditions. 

Shibata (1902), working on two Japanese species of Podocarpus, 
identified what he believed to be the mycelium of a mycorrhizal 
fungus in the root tissues; he described in detail the cytological 
changes brought about by the digestion of the intracellular mycelium, 
and demonstrated the presence of active proteolytic enzymes by 
means of glycerine extracts of the nodule tissues. 

The nodules produced by Podocarpus and other members of the 
Podocarpaceae are characteristic in appearance and arrangement, 
giving a curious “beaded" appearance to the affected roots. Their 
morphology and physiological .significance was studied by Spratt 
(1912) who reported the presence of nodules of similar type in Podo- 
carpus, Microcachrys, Dacrydiimi, Saxegoihaea, and also in Phyllo- 
cladus, a genus whose systematic affinities have aroused some 
controversy. In all the genera examined, they were reported to be 
perennial structures formed by the modification of lateral roots 
following infection by nitrogen-fixing organisms identical in structure 
and behaviour with the strains of Pseudomonas radicicola extracted 
from the root nodules of leguminous plants and also from those of 
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certain non-legnminous species. The majority of the cortical cells 
undergo some structural modification and give rise to a characteristic 
water-storage tissue, in certain cells of which the endophyte may 
remain dormant during the winter. In a subsequent paper, Spratt 
(igig) reviewed the whole subject of nodule formation, and 
summarised the experimental evidence on which were based the 
conclusions reached by herself and by Bottomley, in respect to the 
identity of the nodule organism in all the cases just cited. 

If the views of these observers are accepted, it may be assumed 
that the root nodules of Alnus, Myrica and members of the Eleag- 
naceae, Ceanothaceae, Cycadaceae, and Podocarpaceae play a r 61 e 
in the economy of their vascular hosts similar to that securely 
established for the corresponding structures provoked by the presence 
of the nodule bacteria in roots of legumes. 

In a series of papers entitled "Studies in Symbiosis” McLuckie 
(1923 a) has recently contributed his observations on the nodular 
roots of certain Australian species of Podocarpus and Casuarina, 
He has confirmed the opinion expressed by Spratt that those of 
Podocarpus spinulosa and P. data are due to infection by a bacterium 
showing many points of resemblance with Pseudomonas radicicola 
although not certainly identified with that species. In pure culture 
outside the plant, the organism present is reported to fix atmospheric 
nitrogen at the rate of 6 to 7 mg. of nitrogen per 100 c.c. of nutrient 
solution in 21 days. In Podocarpus, the cortical cells of the main 
roots and those of some of the nodules were observed likewise to 
contain mycelium of a mycorrhizal type. 

The root nodules of Casuarina cunninghamia were reported by 
McLuckie to be due to infection by a similar type of nitrogen-fixing 
bacterium to that isolated from Podocarpus. In another species, C. 
equisetifolia, from coral islands near Java, the roots bear structures 
resembling the nodules of Alder. These were examined by Miehe 
(1918) and found to consist of closely compacted masses of freely 
branched, shortened rootlets, in certain cortical cells of which fungal 
hyphae were present. The tubercles were reported on the roots of all 
individuals growing in a natural habitat but were not observed on 
those in cultivation in Europe. They were named RMzothamnion'' 
by Miehe who believed that they represented a typical case of bene- 
ficial symbiosis in which the fungus partner functioned by converting 
nitrogenous materials in the humus into forms directly available to 
the vascular host. In view of the possibility of mistaking the 
zoogloea threads of a bacterial endophyte for fungal hyphae, and 
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the unifonnity of all recent records associating a nitrogen-fixing 
organism of the Pseudomonas radicicola type with root nodules, 
confirmation of Miehe's observation on Casuarina would be welcomed. 

Yeates (1924) has made a further contribution to the subject of 
root nodules in conifers, based upon observations made on species 
indigenous to New Zealand. He reports nodule formation by '"all 
the New Zealand pines'' with the exception of two species of Liho- 
cedrus. He found them also on several members of the Araucarineae 
including the Kauri Pine {Agathis australis), on which they had been 
noticed previously by Cockayne (1921) . In respect to the morphology 
of the nodules and their function as organs for water storage, Yeates' 
observations and deductions agree with those of Spratt. In this 
connection, the former has noted that the size of the juvenile leaves 
in species of Bacrydium and Podocarpus is roughly proportional to 
that of the root nodules, i.e. the forms with larger leaves showing also 
the greatest development of water-storage tissue. Moreover, the 
species showing the smallest nodules are likewise those in which the 
transition from the large juvenile type of leaf to the reduced 
form characteristic of the adult, is most striking, e.g. Bacrydium 
biforme: “In other words, absence of sufficient water-tissue on their 
roots has compelled these species to reduce their leaf-surface and 
so to economize their water supply" — an argument cogent enough 
in itself although expressed in somewhat teleological form. From 
his examination of the mycorrhiza of Cunninghamia, Libocedrus, 
and Cupressus, Yeates is prepared to extend this hypothesis to 
conifers generally, in the form that root reduction consequent upon 
mycorrhiza! infection is accompanied by parallel diminution in 
size of the leaves. 

His thesis that the Abietineae constitute an isolated case in 
which absence of endophytic mycorrhiza is correlated with a tendency 
towards persistence of the juvenile leaf habit, is hardly borne out 
however by the recent observations of Melin (see Chap. VIII) on 
the mycorrhiza of Spruce and Pine. 

In respect to the characters of the nodule organism in Taxads, 
the observations of Yeates are markedly at variance with those of 
Spratt. The vast majority of nodules investigated by the former 
are reported as showing infection by the characteristic type of 
mycorrhiza! fungus with non-septate mycehum and vesicles; only 
in less than i per cent, of some hundreds of nodules examined did 
he observe bacteria similar to those figured by Spratt and also by 
McLuckie for Podocarpus. Yeates has concluded that the nodules 
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function primarily as organs for water storage and are also beneficial 
to the trees by enabling them to draw indirectly upon the organic 
residues present in the soil through the agency of their mycorrhizal 
fungi. 

Reviewing the cases described, it may be concluded that there is 
evidence that the formation of nodules by a number of plant species 
other than legumes is directly related to invasion of the roots by 
strains of a bacterial organism closely related to Pseudomonas radi- 
cicola. Whether this conclusion can be extended to include the 
Podocarpeae and other nodule-forming conifers is at present doubt- 
ful, and requires confirmation by means of pure culture experiments 
on the species concerned. For example, in view of the conflicting nature 
of the observations made by Spratt and Yeates respectively, it would 
be desirable to investigate the response shown hy Podocarpusse^dlmgs 
to independent infection by the bacteria isolated from the nodules. 

On the other hand, evidence is not lacking that tuberisation, in 
greater or less degree, is often a consequence of fungal infection. 
The "KnoHenmykorrhizen"' of Pine and Fir (see PI. VI, Fig. 50) 
may be cited as a case in point and in external features these bear 
some resemblance to the nodular roots of Alder and Cycads. It was, 
indeed, the constant association of local hypertrophy with endo- 
phytic infection by mycelium that led Bernard (1902) to put forward 
the theory of tuberisation subsequently extended and elaborated by 
Magrou (1921) and others. A short account will now be given of this 
interesting and far-reaching hypothesis, with a critical examination 
of the evidence adduced in support of it. 

Laurent (1888) had shown that tuberisation in plants could be 
provoked experimentally by raising the concentration of the culture 
medium. Bernard's attention was attracted to the subject during 
his early observations on the Ophrydeae, in members of which group 
the formation of tubers is so constant and regular that their mor- 
phology can be utilised as a basis of classification. He was struck by 
the prevalence of the habit among herbaceous perennials in general 
and, finding no clue in Laurent's work to the stimulus provoking 
tuberisation under natural conditions, he looked around for a cause 
"'as widespread as the habit.” He was familiar with the prevalenoe 
and constancy of the mycorrhizal habit in wild perennials and also 
with Stahl's observation that species producing bulbs and tubers 
are specially prone to infection. His own researches on members of 
the Ophrydeae convinced him that a causal relation between fungus 
invasion and tuberisation existed in members of this group. 
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So, by more than one line of reasoning, he was led to the view that 
tnberisation (or its equivalent) and, in general, the perennial habit 
in herbaceous plants, represents a condition of relatively advanced 
adaptation to communal life between vascular plants and fungi, and 
is in itself a direct consequence of such a symbiotic relation. With this 
theory was bound up an equally speculative hypothesis tracing the 
evolution of vascular plants from thalloid members of Bryophyta 
as an indirect consequence of fungal infection and the establishment 
of the perennial habit in the latter. 

The evidence collected by Bernard from observations on Ophrys 
and allied Orchids may be briefly summarised as follows. Seed 
germination leads to the formation of a small tuberous structure, 
the primary tubercle, bearing an apical bud and showing profuse 
infection by mycelium at the basal end. During the first season's 
growth, the bud produces a few leaf rudiments and a lateral swelling 
— the first tuber — ^which is eventually set free in the soil. The 
primary tubercle dwindles and disappears, while the tuber, still 
entirely free from fungus infection, gives rise, during the ensuing 
vegetative season, to a short axis bearing absorptive hairs. The 
latter quickly become infected from the soil, as may later the tuber 
itself. The same sequence is repeated annually until the seedling 
reaches maturity. In the autumn preceding flowering, the roots, 
produced at the end of September, become infected from the soil 
and remain in this condition until their death after flower production 
in the following spring. One or more of the axillary buds then de- 
velop to a tuber or tubers, and the plant remains free from infection 
until the new roots are produced in the early autumn. Thence 
onwards this regular annual periodicity persists as a normal char- 
acteristic of the growth cycle. 

Two features were of special interest to Bernard, one, the in- 
variable infection of roots as compared with the complete immunity 
shown by tubers; the other, the regular annual periodicity exhibited 
in respect to fungus infection. During August and September there 
is active vegetative growth without infection; from October, follow- 
ing the invasion of the roots by mycelium from the soil, to June, there 
ensues a period of tnberisation. In Bernard's view the two series of 
phenomena are causally related, i.e. fungal infection produces a 
general “intoxication” of the tissues made manifest, in the embryo, 
by the formation of the primary tubercle, in the adult plant, by the 
annual tuberisation of one or more of the axillary buds subsequent 
to root infection. In short, a brief phase of growth and differentiation 
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with freedom from infection alternates regularly with a longer period 
of tuherisation following root infection. 

Later, Bernard showed that non-infection of the tubers was due 
to a fungicidal action exerted by the tissues (see p. 78), while 
he also demonstrated experimentally by his work on Bletilla that 
tuherisation of uninfected embryos could be brought about by 
raising the concentration of the substrate. Thus, seeds of this Orchid 
sown in aseptic culture developed slowly to plantlets with slender 
stems bearing leaves separated by distinct intemodes, whereas, seeds 
germinated with an active strain of the endophyte showed rapid 
infection of the embryo followed by vigorous development, the 
resulting seedlings exhibiting marked differences in habit as 
compared with those lacking infection, e.g. they produced relatively 
massive axes with short stout intemodes and crowded leaves of much 
larger size than those of uninfected seedlings. The tuberous base of 
the stem, at first covered by absorbing hairs, soon produced roots; 
as in the Ophrydeae, the latter suffered infection from the soil, 
while the swollen stem and protocorm remained free from infection. 

Can this theory of tuherisation be apphed to Flowering Plants 
generally? In seeking the answer to this question Bernard extended 
his observations to plants other than Orchids, e.g. to Ranunculus 
ficaria and the cultivated Potato {Solanum tuberosum ) . In the former, 
he thought the evidence was confirmatory of a relation similar to 
that which he believed existed in Ophrys and alhed Orchids; in 
Potato, the observed facts were more difi&cult to explain. 

It is well known that healthy potato tubers are free from infection 
by micro-organisms of any kind. Bernardos observations confirmed 
this and showed that the roots suffered infection of an irregular and 
apparently casual kind. Subsequently a fungus, believed to possess 
affinities with the genus Mucor, was isolated from the roots of 
Solanum dulcamara, a common British and European species of the 
same genus as Potato, At this stage the work was interrupted by 
Bernardos untimely death, and the identity of the fungus with that 
endophytic in the roots of the latter was left in doubt. 

The investigation has since been resumed by his colleagues at 
the Pasteur Institute, who have extended the scope of the enquiry 
and repeated some of Bernardos later experiments. In a recent 
memoir Magrou (1921) has restated the theory of tuherisation just 
outlined and m arshalled the evidence accumulated by Bernard and 
his successors. The observations on Potato are of particular interest. 

Assuming that the ordinary relation between root infection and 
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tnberisation in the Potato has been replaced by effects due to culti- 
vation, Magrou examined S^ maglia, a wild Chilean species believed 
to be a direct descendant of the original ancestor of the cultivated 
Potato, and also S, dulcamara, the Bittersweet, In both species, 
the observed existence of mycorrhiza was thought to provide con- 
firmatory evidence of a direct relation between infection and tuber- 
isation. The irregularity of infection observed in the cultivated 
Potato is explained by assuming that the stimulus originally asso- 
ciated with fungus infection has been replaced by others depending 
upon high cultivation and manuring, “selection'' having co-operated 
to preserve only the individuals which respond in this way. In sup- 
port of this view, an appeal is made to records made in France in 
the eighteenth century by Parmentier, who is reported to have 
observed whole fields of potatoes without tubers, and to the occa- 
sional appearance on non-tubering individuals in ordinary crops. 
It must be noted, however, that an equally good explanation of this 
phenomenon of “ zero-cropping " has been offered on genetical grounds 
by Salaman (1924) who interprets the absence of tubers as due to 
the presence of “inhibiting factors" in the genetical constitution of 
individual Potato plants or strains. 

Owing to the scanty and irregular appearance of mycelium in 
the roots of cultivated Potatoes, Solanum dulcamara was used as a 
source of infection, in Magrou's experiments. Potato seed sown on 
poor soil from a station occupied by 5 . dulcamara gave seedlings 
which grew slowly but developed roots with typical endophytic 
infection. Evidence is offered that two distinct types of plants 
appeared in these cultures; those in which fungus infection takes 
place from the soil but the endophytic mycelium undergoes immediate 
and complete digestion and those in which infection persists giving 
rise to characteristic endophytic mycorrhiza. Plants of the former 
type possess “immunity" and consequently do not tuberise; those 
of the other type develop an abundant crop of tubers (Fig. 64) . 

Confirmation of the correctness of this interpretation can be 
provided only by synthetic experiments with “pure cultures" of 
the organisms concerned. Up to the present, experiments of this 
kind with Potato have not yielded perfectly satisfactory results. 
A fungus resembling that described by Bernard was isolated by 
Magrou from 5 . dulcamara and named Mucor solani. This form 
causes typical infestation of roots of Potato seedlings raised from 
.sterihsed seed and is believed by Magrou to be identical with, or 
closely related to, the original endophyte of the ancestral species. 
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It has, however, not yet been found possible to provide vigorous proof 
of a direct relation between root infection and tuber formation by 
means of strictly aseptic cultures as in the Orchids and Calluna, and 
a final expression of opinion must await the confirmatory evidence 
supplied by such cultures. 

The work on Potato has been supplemented by observations on 
other plants : two species of Oroius, 0 . tuberosus, a perennial species 
with tuberous rhizomes, and 0. coccineus, an annual species without 
a perennating shoot S3retem; Mercurialisperennis, the Dog’s Mercury, 
with an elaborate system of rhizomes, and M. annua, an annual 
herb with aerial shoots only. In both species of Orobus, infestation 
of the roots occurs; in 0 . tuberosus it persists as mycorrhiza; in 
0. coccineus the invading mycelium undergoes immediate destruction 
by the root-cells of the host, i.e. the symbiotic relation is not estab- 
lished and the annual habit persists. In the two species of Mer- 
curialis named a similar state of things is reported and figured. In 
both genera, the difference in habit is believed to be associated with 
the higher "immunity” possessed by that species in which the 
mycorrhiza! relation is not established (Fig. 64). 

Taking into account his own observations, Laurent’s demon- 
stration that tuberisation can be provoked by raising the 
concentration of sugar in the culture medium, and Bernard’s 
experiments proving that in pure culture the Orchid endophytes 
bring about a rise in the osmotic pressure of the substratum, 
Magrou considers there is good presumptive evidence for believing 
that, in some cases at least, the immediate cause of tuberisation 
is an increased osmotic pressure in the root tissues due to their 
invasion by endophytic fungi. Magrou’s conclusions have been 
challenged by Peyronel (1924), who states that in Italy, Mercuriahs 
annua frequently develops typical and persistent mycorrhiza, while 
on the other hand, many perennial herbaceous species axe entirely 

free from it. _ _ • j.i.- 

In its extended form, the theory of tuberisation outlined m this 
chapter has been accepted by Constantin (1922), whose conclusions 
have been summarised as follows: “The association of perennial 
species of plants with sofi fungi has brought about a permanent 
symbiosis-a condition which does not occur with annual species. 
Since the perennial character in plants is due to the low temperatures 
of high altitudes and latitudes, cool climates may be considered as 
favourable to the estabhshment of symbiosis. Cultivated Potato^ 
have lost the mycorrhizal relations of the primitive forms to which 



200 Mycorrhiza 

tuberisation was due and in order to produce tubers without this 
relationship they must be grown in cool chmates/' More than one 
controversial issue is raised in this passage, but space does not now 
permit their further discussion. 




Fig, 64. DimorpMsm and symbiosis. A— D, plants whicb have suffered infec- 
tion and formed mycorrhiza; A/ — D', plants which have suffered infection, 
but, owing to rapid digestion of mycelium by the root cells, have not 
formed mycorrhiza. A, Af, Solanum iubevosum\ B, B', Oroibus tuheYosus\ 
C, C^, Ofohis maculata’, D, Meycufialis pevennis) D', Mercurialis annua^ 
t, tubercles; vh, rhizomes; h (fig. C'), main axis of Orchis maculata; 

, secondary axis developing to a shoot. C and C' after N06I Bernard. 

(From Magrou, Ann. d. Sci. nat. 1921.) 

In conclusion, while recognising the extremely suggestive char- 
acter of the facts presented by Magrou it appears somewhat doubtful 
whether sufiacient positive evidence has yet been accumulated to 
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serve as a sure foundation for the imposing superstructure raised 
upon it. In particular, crucial evidence respecting the behaviour of 
Potato plants with and without infection in aseptic cultures would 
be welcomed, as also would be an extension of the comparative ob- 
servations on Mercurialis and corresponding types to plants from as 
many and varied stations as possible. In its present form this 
stimulating theory of the cause of tuberisation and the origin of the 
perennial habit should serve as a valuable incentive to further re- 
searches in this fascinating field of work. 



CHAPTER XI 


PHYSIOLOGY AND NUTRITION 

The physiological significance of mycorrhiza and the nutrition of 
mycorrhiza plants — Critical review of evidence derived from researches 
on forest trees, Orchids and Heaths — Endotrophic infection in other 
species — Summary and conclusions. 

W HAT is the real significance of mycorrhiza and the mycorrhizal 
habit? It is more than half a century since Frank first asked 
this question, coining a new name to mark the recognition of root 
infection by fungi as a normal and regular phenomenon in vascular 
plants. Of necessity much of the earlier work was descriptive and 
analytical rather than experimental. The problem bristled with 
difficulties, some of them very imperfectly understood, and many of 
the earlier experiments designed to throw light on the biology of the 
association failed in their object, partly by reason of the prevailing 
ignorance respecting soil conditions, partly from lack of a suitable 
technique forisolating the endophytes and establishing their identity. 
It was not until Bernard applied the methods of the bacteriological 
laboratory to the study of Orchid mycorrhiza that any real advance 
was made, and it is now fuHy recognised by all competent workers 
at the subject that further knowledge can be gained only by the use 
of similar methods. 

Investigations of the kind indicated are apt to be laborious and 
they involve the application of a special technique. The isolation of 
the specific endophytes, their maintenance in pure culture, and the 
synthesis of fungus and vascular plant under pure culture conditions, 
all present difficulties. Moreover, evidence of behaviour under rigid 
experimental control of this kind must be applied with great caution 
to conditions in nature. Thus it is that the bionomics of mycorrhiza 
and the nutrition of mycotrophic plants are still, in large measure, 
the subjects of controversy, although enough is known to correlate 
them with kindred phenomena of parasitism and the parasitic habit, 
and to bring them into close touch with the problems presented 
to the forester and the student of plant ecology in the field. 

The present occasion offers a suitable opportunity to review the 
experimental evidence available and to learn, incidentally, how far 
it provides support for the more or less speculative theories of 
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nutrition put forward by earlier observers. Two aspects of the 
problem must receive attention, one relating to green species auto- 
trophic in respect to their carbon nutrition, the other to the non- 
green forms usually regarded as saprophytic. 

Excepting parasites and insectivorous plants, the habit is known 
to be widespread among terrestrial species, affecting a very large 
number of families and intensively developed in a certain number of 
them. Mycorrhiza is found in epiphytes although usually absent 
from. the aerial roots, and, with a single exception, is invariably well 
developed in non-chlorophyllous“ saprophytes,"' e.g. Neottia, Corallo- 
rhiza, Monotropa and its alhes. Wullschlaegelia aphylla, an Orchid 
reported by Johow (1889) to be entirely free from fungus infection, 
is unique in this respect and requires reinvestigation. 

Although modern work has not confirmed the view that the 
ectotrophic and endotrophic habits can be sharply distinguished 
from one another, it is still convenient to classify mycorrhizas in 
two main groups, the extreme types of which show marked struc- 
tural differences, correlated with the distribution and character of 
infection. In one, a more or less extensive distribution of intra- 
cellular mycelium is Associated with a variable development of 
hyphae on the outside of the root; in the other, specially character- 
istic of trees and shrubs, a sheath of mycelium is formed about the 
tip and younger part of the root and the myceliumi comprising the 
mantle is continuous with an intercellular net of hyphae in the outer 
cortex. Intercellular infection, formerly believed to be restricted to 
the epidermis, has been reported in the cortical tissues of many 
mycorrhizas of the latter type, so giving rise . to the intermediate 
type of structure named ecfendotrophic. With few exceptions, the 
ectotrophic (including the ectendotrophic) habit is limited to 
woodland soils and its appearance is possibly related to a special 
environment rather than to any fundamental distinction of a bio- 
logical kind. 

There is no need to labour the point that every possible opinion 
has been held respecting the physiological relations in mycorrhiza. 
The nature of these views has been sufficiently indicated in the pre- 
ceding pages, and it would be tedious to recapitulate the arguments 
put forward in their support. In' the sense intended by de Bary, the 
relationship is clearly one of symbiosis, and the constituents may 
correctly be described as symbionts without any implication that 
their mutual relation is advantageous or the reverse. 

Are the endophytic fungi parasites of a relatively harmless kind 
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or is there a reciprocal relation beneficial to either S 5 nnbiont or to 
both? 

Two general observations provide evidence of an indirect kind in 
support of the last-named view. Firstly, it is the young and actively 
absorbing roots which become mycorrhizas; secondly, there is no 
cytological evidence of damage to the living constituents of invaded 
cells. Direct evidence bearing on the enquiry may be derived from 
three independent sources; namely, the results of experimental 
investigations on forest trees. Orchids and Heaths respectively. 

The mycorrhiza of trees. Melin’s work on conifers and deciduous 
trees has been fully reviewed in an earlier chapter. Certain facts 
may be regarded as well established. In Sweden a number of Hy- 
menomycetes have been identified as endophytes of Pine and other 
trees. These forms belong to saprophytic genera, the fruit bodies of 
which are a constant feature of the woodlands concerned; there is 
no evidence of parasitism of the ordinary kind nor do they belong to 
parasitic genera. The ectendotrophic rather than the ectotrophic 
habit prevails, but such mycelium as becomes intracellular undergoes 
rapid digestion in the cortical cells. It is likely that some at least 
of these fungi are obligate symbionts, unable to reach their full 
development except in association with the roots of their hosts; on 
the other hand, there is at present no evidence that the early stages 
of seedling development in any tree is bound up with fungus infection. 
Pure culture experiments have yielded abundant evidence of special- 
isation on the part of these root fungi as compared with indifferent 
soil species. Grown apart from their hosts, they make relatively 
slow and feeble growth, and show marked sensitiveness to external 
conditions, e.g. to the hydrogen-ion concentration of the substratum 
and the character of the food material. Most significant is the ob- 
servation that normal mycorrhiza is developed only in a suitable 
rooting medium: its formation is easily inhibited, for example, by 
a change in the reaction, by unsuitable nutrient, or by the presence 
of toxic substances such as are formed in humus by heat sterilisation. 
It is of particular interest to note that, under such adverse conditions, 
the roots are not subject to a more intense attack. On the contrary, 
the presence of factors unfavourable to fungus growth inhibits the 
formation of h37phal complexes in endotrophic mycorrhizas and 
produces a corresponding reduction of infection in those of ecto- 
trophic t^e. Under conditions mimical to growth of the seedling 
the association may lapse into parasitism, while in unfavourable soil 
conditions pseudomycorrhiza is formed as a consequence of invasion 
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of the roots by soil fungi other than the true endophytes. In short, 
the formation of mycorrhiza by conifers is shown to be a reciprocal 
phenomenon conditioned by the physiological states of both sym- 
bionts, this in turn being correlated with external conditions of soil 
and climate. There is good evidence that the fungi profit from the 
association: they show a marked stimulation from contact with 
living roots, attributed to the presence of small quantities of 
exudates, in particular phosphatids, and there can be little doubt 
that they obtain carbohydrates, especially glucose, from their 
vascular hosts. 

With respect to the absorption of mineral salts other than com- 
pounds of nitrogen, Melin carried out a special investigation, making 
ash estimations of seedlings grown with different combinations and 
concentrations of salts. He concluded that inorganic salts are taken 
up as efficiently by infected as by uninfected roots. In view of the 
relative poverty of free salts in the superficial layers of raw humus 
as compared with mild humus soils, he was led to the view that 
absorption of inorganic salts was probably carried on more effectively 
in the former by mycorrhiza than by uninfected roots — ^in short to a 
qualified agreement with the Stahl hypothesis in respect to this 
matter. 

. In respect of nitrogenous metabolism the experimental evidence 
accumulated by MeHn is even more striking. In pure culture the 
endophytes have been found to utilise nucleic acid and like organic 
compounds much more efficiently than do the seedlings of their hosts. 
Accordingly, in synthetic cultures supplied with nucleic acid or 
peptone as sources of nitrogen, the roots of Pine seedlings possessing 
mycorrhizas do not develop the marked symptoms of nitrogen 
starvation displayed by those of seedlings grown alone (cf. Fig. 56). 
On the other hand, there is at present no evidence that any of the 
known root fungi of trees, whether alone or in association with their 
hosts, can assimilate free nitrogen. 

A critical examination of the experimental evidence confirms 
the main conclusion reached by Melin, namely, that root infection 
by fungi possesses a vital significance for trees and plants growing 
in raw humus soils. In Northern Europe, tree mycorrhiza is typically 
developed under such conditions, and there is good reason for 
believing that the soil reaction and the character of the nitrogenous 
compounds present in the humus are important factors in main- 
taining mycelium in a physiological condition favourable to its 
formation. The supply of nitrates is very deficient in these woodland 
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soils. Conifers, and in all probability other trees, can utilise ammonium 
compounds and possibly to some slight extent, more complex organic 
compounds of nitrogen, but the last named are much more readily 
used by the root fungi. Hence, on acid humus soils in which such 
compounds constitute the chief source of nitrogenous nutrient, 
plants provided with mycorrhiza are extraordinarily well equipped 
for competition with other soil organisms. Nutrient material assi- 
milated by the mycelium, if soluble, can enter the root cells directly 
from the hyphae which invest them, if insoluble, a proportion be- 
comes available by digestion of those hyphae which enter the cells. 
It is perfectly clear from the experimental evidence now available 
that the presence of an investing sheath of mycelium about the 
absorbing region of the roots offers no hindrance to the passage 
inwards of water and dissolved substances. 

In so far as they have been experimentally proved, these con- 
clusions apply only to certain coniferous trees. There can be little 
reasonable doubt of their ultimate extension to other conifers and 
also to deciduous trees growing under similar soil conditions and 
showing a similar mycorrhizal habit. Assuming that the mycorrhiza! 
condition in other trees resembles that in the conifers studied by 
Melin, it is not possible to doubt the existence of a reciprocal relation 
conferring benefit upon the trees in certain types of soil by facilitating 
the intake of nitrogenous food material. While there is good evidence 
of an advanced degree of specialisation in respect to the symbiotic 
habit in certain of the endophytes, there is at present none pointing 
to the existence of an obligate relation or an advanced degree of 
dependence upon infection on the part of any host tree. In this 
connection it is perhaps significant that the loss of chlorophyll and 
the vegetative reduction associated with the saprophytic habit is 
not known among trees or shrubs, although it is well marked in 
woody parasites such as the Loranthaceae. The ectotrophic and 
ectendotrophic types of mycorrhizal structure so common in trees 
may be related in part to the saprophytic character of the fungi 
■concerned, in part to the abundance of organic residues present in 
woodland soils. 

The conclusions outlined above are supported by the results of 
Falck s researches on the nutritive significance of mycorrhiza in 
acid woodland soils ("Rohhumusboden”). (Falck 1923.) 

Orchid mycorrhiza. What is the relation between the chloro- 
phyllous Orchids and their root fungi? Does Bernard’s conception 
'Of it as one of parasitic attack, countered by a mechanism conferring 
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a relative degree of immunity upon the host, cover all the known 
facts? That it has served to illuminate and explain many aspects 
of the problem there can be no doubt. Nevertheless, it does not and 
cannot provide an explanation of the two most characteristic features 
of the partnership; namely, the obligate character of the connection 
between infection and seedling development, and the association of 
specific strains of Rhizoctonia with individual Orchid species over 
wide geographical areas. 

Notwithstanding the specialisation incidental to their symbiotic 
habit, the Orchid fungi appear to retain unimpaired the power of 
autonomous existence, thereby differing sharply from the root fungi 
of conifers. They are easily isolated, grow readily in many different 
media, and produce conidia and sclerotia when grown apart from 
their hosts. Burgeff reported that the formation of these structures 
in pure culture was bound up with the concentration of the medium 
and the amount of metabolate present. The effects of prolonged 
culture outside their hosts upon the capacity for inducing seedling 
development are still somewhat obscure and the observations of 
different workers are at variance. 

With respect to nutrition, the salient facts have been described 
so often and by so many different observers that it is unnecessary 
to recapitulate them in detail. It can hardly be doubted that the 
condition observable in living Orchids has been evolved from one 
following upon invasion of the roots by facultative parasites. In 
general, the appearance of intracellular mycelium coincides with the 
disappearance of starch from the invaded cells, and Burgeff showed 
that in pure culture starch was hydrolysed by diastatic enzymes, 
the resulting maltose undergoing in certain cases further hydrolysis 
to glucose. Cane sugar was also removed from the medium, in part 
inverted, in part directly utilised by the mycelium; glucosides were 
hydrolysed with removal of the resulting sugars, and cytase and 
tyrosinase were identified in individual strains. The presence of 
proteolytic enzymes was likewise reported by the same author. Of 
nitrogenous nutrients, peptone and salep proved most acceptable, 
while ammonium compounds were preferred to nitrates. There can 
be no doubt that the '‘Eiweisshyphen"' that suffer intracellular 
digestion in the tissues of Orchids contain much protein material, 
which presumably becomes available to the host cells. This con- 
clusion is supported by the experimental observations of Fuchs 
and Ziegenspeck (1922) and of Wolff (1925, 1926) on Neottia, 
although, in green Orchids, it is not certain what proportion of 
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it represents material filched from the root cells during the initial 
phase of fungus activity. 

Burgeff found no evidence that any of the Orchid endophytes 
could utilise atmospheric nitrogen, but H. Wolff (1925) reported 
nitrogen fixation for the endophyte of Neottia in pure culture and 
has since (1926) confirmed this and extended the report to the root 
fungi of Gymnadenia conopsea, Orchid maculatus, Helleborine palustris 
and H. latifoUa. 

The outstanding difficulty in ascribing a beneficent r 61 e to the 
root endophytes of green Orchids lies in the fact that, while it is 
theoretically possible for the mycelium to draw upon food reserves 
locked up in soil humus, there is in most species but a scanty de- 
velopment of mycelium on the external surface of the roots. On the 
other hand, it is characteristic of Orchid mycorrhiza that infection 
does not spread throughout the plant body, but takes place inter- 
mittently from without. This, in itself, involves a recurrent "tap- 
ping'' of the contents of hyphae in direct contact with the soil. 

It is possible to regard the obligate relation as a temporary phase 
related definitely to the developmental stage of growth and depen- 
dent, as regards physiological mechanism, upon a rise in the con- 
centration of osmotic substances in the cells of the embryo, but the 
evidence is stiil conflicting as to whether or not the mature plants of 
all Orchids can thrive in the absence of their root fungi. It is of 
interest to note that different Orchid genera respond differently to 
seed infection. For example, it was definitely put on record by 
Bernard that more favourable results were obtained with Cattleya seed 
by using the asymbiotic method of germination, e.g. in his experi- 
ments by raising the concentration of salep used in the medium. In the 
application of pure culture methods of germination to horticultural 
practice, cases have been recorded in which germination in the neigh- 
bourhood of 100 per cent, was secured with Cattleya seed, ordy after 
more than one strain of the endophyte had been isolated and tested. 
It is significant that Knudson bases many of his arguments on state- 
ments made by Bernard in reference to this genus, members of which 
often behave in an anomalous manner, as the latter clearly stated. 

The successful application of asymbiotic methods to effect ger- 
mination is not questioned, but they involve the provision of aseptic 
conditions that do not occur in nature, and are not found to be 
requisite in horticultural practice when the endophytes are supplied. 
Moreover, in certain genera, seed development and growth take 
place more rapidly in fungus-infected cultures than in those pro- 
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tected from infection (cf. PL III, Figs. 24, 25), and it is clear from 
the facts put on record by Clement (1922) that in asymbiotic seed 
cultures of certain genera the substrata must be very carefully 
adjusted to the needs of particular species. 

In the chlorophyUous Orchids, it is possible to postulate a bene- 
ficial effect upon the host in respect to the seedling only, while 
regarding the mycorrhizal relation in the adult as an incidental evil, 
combated and held in check by a relatively efficient mechanism of 
resistance. The occurrence of a number of non-chlorophyllous 
species in itself raises doubts as to the correctness of this interpre- 
tation, and favours the view that the endophytes play an important 
part in the nutrition of all Orchids. It is tempting to regard the non- 
chlorophyllous forms as the end terms of a series culminating in 
complete dependence upon the fungal symbionts. Excluding the 
possibility of nitrogen fixation by the vascular partners, for which 
there is no evidence whatever, these species must obtain the whole of 
their nutrients from the soil, i.e. all the carbonaceous, and the larger 
part of the nitrogenous materials required must be presented in the 
form of humus constituents. There are, accordingly, but two possible 
alternatives in respect to nutrition; either the higher plants can 
themselves deal directly with the insoluble humus compounds avail- 
able, or they must obtain the requisite supplies second-hand as a 
result of the activities of the intracellular mycelium with which the 
roots are so lavishly supplied. There is no experimental evidence in 
favour of the former hypothesis, and the provision of such evidence 
involves the raising of plants free from infection, and their main- 
tenance in aseptic cultures; the alternative view h^s usually been 
assumed, and aU the arguments applied to its support in the case of 
green species acquire an added force in that of the non-green forms. 
The coroUary of this tentative conclusion has not received the atten- 
tion it deserves, namely, that the non-chlorophyUous Orchids are 
not ''saprophytic'' but are, in the main, parasites upon their endo- 
phytic fungi. It may be observed that all these plants are cha- 
racteristic members of the vegetations of woodland humus. It follows, 
therefore, that the benefits conferred upon the vascular, hosts in 
organic soils are common to both ecto- and endotrophic types of 
mycorrhiza, since Monotropa and its allies closely resemble Neottia 
and similar Orchids in respect to the reduction and loss of vegetative 
features associated directly with the autotrophic habit. The opinion 
is thus confirmed that the extreme types of structure known as 
ectotrophic and endotrophic respectively have a similar significance 
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in respect to nutrition, although curiosity is whetted once more as to 
the details of the physiological mechanism responsible for this result. 

In Gastrodia there can be little doubt that this is actually the 
case. For the remainder of this relatively large and extremely inter- 
esting group, there is, as yet, no direct experimental proof. The case 
of Wullschlaegelia acquires critical importance in this connection; in 
view of the improvement in technique since Johow's observations 
were made, it requires to be reinvestigated. 

There is at present a notable lack of comparative data in respect 
to seed germination in non-chlorophyllous Orchids. In NeoUia the 
earlier stages of development were studied by Bernard (1899)^. 
The endophyte is a form included in Rhizoctonia repens Bernard, 
and the details of infection resemble those noted in other genera 
save in respect to the heavier infection and wider distribution of 
mycelium observed in NeoUia, It would be of particular interest to 
study the behaviour of seeds of NeoUia and other species lacking 
chlorophyll under asymbiotic conditions, to ascertain whether the 
stimulus normally exerted by the endophytes can be replaced by 
the addition of organic substances to the substratum, and if so, 
estimate the capacity of the resulting seedlings to assimilate organic 
nutrients in the absence of mycelium. 

The remarkable case of Gastrodia (Kusano, 1911) also challenges 
attention as one in which an association with a fungus of the Rhiz- 
octonia type apparently does not occur and for which there is at 
present no information respecting seed germination or the earlier 
stages of seedling development. 

It was in Orchids that infestation of the roots by fungus mycelium 
was first clearly recognised. In spite of the relatively exact know- 
ledge that has been acquired, there remains stiU much that is puzzling 
in the relation of fungus and host in this group of plants. In the 
evolutionary sense, it must have originated in parasitic attack on 
the part of certain soil fungi adequately combated and held in check 
by the victims. This view assumes the existence of relatively benign 
strains of the attacking fungus, or of individual Orchid plants 
possessing relatively high resistance to parasitic invasion of the roots. 
In species frequenting humus soils and in epiphytes, root infection 
may have resulted in the ''tapping'' of organic residues otherwise 
inaccessible, and undoubtedly this would be facilitated by the 

^ J’ai eu la bonne fortune de trouver, dans la Nature, des milliers de 
graines en germination d'une Orchid^e indigene (NeoUia Nidus-avis). 
(Bernard 1902.) 
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intermittent character of infection. In those Orchid species specially 
associated with chalky and limestone soils ^ it is unlikely that this 
source could yield food supplies of any significance. 

The obligate relation is clearly secondary: it is nutritive in origin 
and probably affects only the early stages of development; confirma- 
tory evidence is required that it persists in the adult plant. 

The mycorrhiza of Heaths, Turning to Ericaceae, another group 
for which critical results are available, it may be noted that while an 
obligate association with specific endophytes is common to Orchids 
and Heaths, the structural features of the mycorrhiza in plants 
belonging to the latter group resemble those in conifers rather than 
in Orchids. The incidence of infection in the tissues is more super- 
ficial, and there is a more profuse development of mycelium on the 
surface of the roots. In Calluna, there is a tendency for hyphae to 
accumulate about the root tips, and in other genera, e.g. Vacoinium 
and Arbutus, the younger part of the roots may be invested by a 
complete sheath of mycelium — the tuberous mycorrhiza of Arbutus 
unedo, for example, is typically ectendotrophic in structure. 

Now Calluna and many of its allies are characteristic and abun- 
dant members of the vegetation of humus soils — ^moorland, heath, 
and woodland — a notable feature of such soils being a deficiency of 
mineral salts, especially nitrates. Under field conditions, the intensity 
of infection in Calluna varies. As observed by the writer, mycor- 
rhiza is profusely developed in soils with abundant humus: on peaty 
heaths and moorlands, and in cultivated garden soils. It is more 
sparsely formed in dry sandy situations, where, at certain times of 
the year, its roots although infected may appear to be free from 
mycelium. In experimental cultures this immunity from infection 
may be even more striking. Thus, it is now believed by the writer 
that functional mycorrhiza is not formed in aseptic cultures^ whether 
sand or agar-agar, supplied with inorganic nutrient solutions, or in 
peat sterilised by heat, the latter being temporarily extremely toxic 
as a rooting medium. Cytological observations, as yet incomplete 
(see p. 313), indicate that a marked change in the metabolic processes 
leading to the appearance of fats in the root cells, coincides with 
suppression or reduction of the usual hyphal complexes* The signi- 
ficance of such changes in relation to nutrition has not yet been 
investigated. 

These fluctuations are similar in kind to those observed in 
conifers, and they appear to be correlated with corresponding 
differences in the rooting medium, i.e. in nature, variation in the 
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amount and character of the organic constituents; under experi- 
mental conditions, the absence of organic compounds or the presence 
of toxic substances such as those produced by heat sterilisation. 

Hence, in Callma as in conifers, the production of healthy and 
functional mycorrhiza seems to be directly related to the presence 
of factors favourable to the growth of the mycorrhizal fungi, in 
effect, to soil conditions not readily reproduced under “ pure culture'" 
conditions. 

A case for exchange of nutrient material with a balance of profit 
on the side of the vascular plant has been set out, and the opinion 
expressed that in Calluna, the endophyte operates as an internal 
factor of a special kind directly related to the metabolism of the root 
cells in certain kinds of soil. Evidence has been supplied that the 
formation of mycorrhiza is "'a reciprocal phenomenon, conditioned 
not only by the activity of the fungus, but by the reaction of the 
root cells and the nature of the rooting medium” (Rayner, 1925). 

In view of the reciprocity observed both in conifers and in 
Calluna between the constitution of the rooting medium and the 
character of infection, it seems probable that Melin's conclusions 
respecting the beneficial effects resulting from the presence of the 
mycorrhiza in acid humus may be extended to the more specialised 
case of Calluna, Under such conditions, the mycorrhiza of this 
species, and doubtless of other ericoids, probably functions in a 
similar way to that of trees, conferring on the host plant the power 
of drawing upon the organic food reserves locked up in humus. In 
Ericaceae, the relation is more specialised than in trees. In each 
species infection is restricted to a single endophyte showing a re- 
latively high degree of specificity, and there is positive evidence for 
believing that the capacity for utilising organic con^pounds of nitrogen 
is supplemented by nitrogen fixation on the part of the endophytes 
(Rayner, 1922, 1925). 

On this view the mycorrhizal habit in Calluna and its allies may 
be regarded as an attempt — as successful in its way, although at- 
tended by greater risks to the host, as that manifested in the tubercles 
of legumes and other nodule-forming species — ^to solve the problem 
of obtaining the requisite supplies of nitrogen on soils deficient in 
nitrates. Like certain conifers and other trees, Calluna and its allies 
are not strictly autotrophic in respect to their nitrogen metabolism, 
and they are singularly well equipped for successful competition in 
the struggle to obtain the requisite nitrogenous food materials, 
whether in sandy soils, poor in organic constituents, or in acid humus 
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soils deficient in nitrates. They have "solved the problem of growth 
upon the poorest and most unpromising soils, but they have solved 
it at the price of their independence” (Rayner, 1915). 

Although infection by the appropriate endophyte is an obligate 
condition for seedling development in Calluna and other ericaceous 
species, there is no proof that the formation of typical mycorrhiza 
is essential to the mature plants, albeit there is good evidence that 
it renders available sources of nitrogen otherwise inaccessible. The 
exact nature of the benefit so gained may fluctuate with the edaphic 
character of the habitat; for example, nitrogen fixation may be in 
abeyance when organic compounds of nitrogen are abundant. 

With regard to the exchange of organised food materials in 
mycorrhiza plants generally, McLennan has provided evidence that 
the root fungus of LoUum forms fats; in the later stage of growth 
the " sporangioles ” become gorged with oily material transferred 
from the adjoining hyphae. The fat is ultimately discharged into the 
cells, where, presumably, it is hydrolysed, and whence it is trans- 
located during the fruiting season of the host (PL VII, Figs. 61, 6z) 

The cytology of the infected tissues in LoUum and Gastrodia has 
been compared. McLennan interprets the physiological relation in 
both species as a metabolic exchange "from the fungus to the higher 
plant, with the result that the latter obtains a supply of fat or oil” 
(McLennan, 1926). 

The author lays special eniphasis on the exchange of carbo- 
naceous rather than nitrogenous food materials, as deduced from 
cytological features in Gastrodia and LoUum, But it must be noted 
that the former plant is likewise dependent upon the endophyte for 
the whole of its nutrient material, and there appears to be no reason 
to assume that in LoUum the translocations of fatty and nitrogenous 
food materials are alternative or mutually antagonistic processes. 
More reasonable is the view that the exact nature of the exchange in 
each case is intimately bound up with the metabolism of the particular 
host plant, with the stage in development, and possibly, in some 
cases, indirectly with edaphic pecuharities. A similar transference 
of fatty material from mycelium to root cells, followed by removal 
of the stainable material, takes place in the root ceUs of Calluna 
during digestion of the mycelial complex. It is beheved that the fat 
metabolism of the latter plant, and presumably that of other eri- 
caceous species, may have an important bearing on their nutritive 
relations with the endophytes, and also with their reaction to 
calcareous soils, and that a clearer understanding of it may throw 
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further light on the significance of the calcifuge habit in Ericaceae. 
It is hoped that work now in progress may render it possible to relate 
the two sets of phenomena more precisely. 

Although members of the Monotropoideae have long attracted 
attention, no experimental data are yet available respecting ger- 
mination, seedling development, or the real significance of the 
saprophytic habit in members of this group of Ericales. In view of 
the obligate relation in Heather and kindred species, it is tempting 
to regard them as the end terms of a series culminating in complete 
dependence upon their fungus associates. Whether or not this is 
actually the case, an experimental study of these interesting plants 
is long overdue. Unsuccessful attempts to germinate seed of Mono- 
tropa hypopitys have been made by more than one observer including 
the writer, and it is already certain that germination cannot be 
effected by the ordinary asymbiotic methods. 

There is little experimental evidence bearing on the exact nature 
of the biological relation in mycorrhiza plants other than those 
included in the specialised groups just considered. The uniform type 
of infection, i.e. by mycelium bearing vesicles and arbuscules, and 
the prevalence of intracellular digestion favour the conclusions that 
the endophytes of many vascular plants belong to a single group, 
and that the physiology of the relation does not differ fundamentally 
from that in the cases studied experimentally. No satisfactory 
evidence exists that an endophyte of this type has yet been isolated, 
in itself an indication of specialisation to the symbiotic habit: nor is 
anything known about the bionomics of ''double infection” as 
reported by.Peyronel for many mycorrhizal plants that show 
primary infection by mycelium bearing vesicles and arbuscules. 
Save in respect to its mode of entry, the latter appears to behave as 
a saprophyte rather than as a parasite. Starch and possibly other 
metabolites are removed from the cells, although any benefit accruing 
to the fungus must be evanescent in view of the extensive digestion 
of mycehum which eventually takes place. It is possible that a 
beneficial effect upon the host may be related directly to soil con- 
ditions; for example, in soils rich in natural humus or heavily 
manured, the mycelium may bring in material derived from organic 
residues and so restore more than was originally removed from the 
root cells. 

The condition in LoUum^moxe particularly in view of the pos- 
sibility that the hyphae in root and shoot respectively belong to the 
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same fungus — together with the appearance of the “saprophytic'* 
habit in certain families, e.g. Lycopodiaceae, Ophioglossaceae and 
Gentianaceae, suggests that a relatively advanced condition has 
already been evolved in certain groups. The physiology of the 
symbiotic relation doubtless varies from species to species — ^possibly 
from individual to individual. Only by experiments with infected 
and uninfected plants can final conclusions be reached as to the 
effects of infestation upon the hosts. In the relatively favourable 
conditions inseparable from pure culture experiments, it is not im- 
possible that plants normally subject to mycorrhiza formation would 
thrive better protected from infection. Great caution is therefore 
required in applying results deduced from experimental cultures to 
plants growing in nature. Whereas under “sheltered** conditions, 
mycorrhiza formation may be incidental to seedling infection 
and of little significance in nutrition, it may become of critical 
importance to plants exposed to the full brunt of competition in 


the field. 

In its evolutionary aspect the relation now existing in Orchids 
and Heaths must have originated in parasitism on the part of certain 
soil fungi. Assuming the existence of strains capable of invading 
living roots but relatively benign in their action and likewise the 
presence of individual hosts with a relatively high resistance to 
parasitic attack, it is not difficult to reconstruct the stages by which 
a symbiotic association was initiated. The endophytic habit brought 
with it certain changes in the metabolism of both partners, clues to 
the nature of which may be sought in the response shown by Orchid 
embryos to an increased concentration of sugar in the substratum, 
and in the still unknown mechanisms by which seedling develop- 
ment is activated in Calluna and other ericoids. 

On any hypothesis, the evolution of an obligate relation with a 
parasitic or facultatively parasitic fungus is difficult to explain, arid 
raises question of profound interest to students of heredity. Both m 
the Orchids and in Calluna it is associated now with an early stage 
of seedling development and in neither case is there satisfactory 
proof that it persists in the adult. From the reaction of Orchid 
embryos towards increased content of sugar or other organic nutnents 
in the substratum, it may be surmised that the association is in- 
timately bound up with metabolic changes induced by the presence 


of the endophyte in the tissues. 

The mycorrhizal habit in trees appears to have had a somewhat 
different origin and to have evolved along rather different hnes. 
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Originating in the attraction exerted on saprophytic soil fungi by 
the presence of exudates — especially phosphatids — about the grow- 
ing roots, it seems possible that the ectotrophic habit resulted from 
the feebly parasitic character of the fungi present, and that this 
structure in its purest form represents an early stage in the evolution 
of tree mycorrhiza. With the symbiotic habit thus established came 
in time a more efficient mechanism for penetrating the root tissues, 
the extension of intercellular infection to the more deeply placed 
root tissues and the appearance of the ectendotrophic type of struc- 
ture. There is in trees no evidence of an obligate relation with seed- 
ling development and the formation of typical mycorrhiza appears 
to be bound up with the utilisation of the organic residues in humus. 
Producing comparatively small effects under the sheltered conditions 
inseparable from experimental culture, the presence of active my- 
corrhiza may have become a critical factor in nature, determining 
the survival value of the host trees in the competitive struggle for 
the available nutrients in humus and woodlands soils. Viewed from 
this angle the comparative observations of MoUer and others, on the 
condition of roots in respect to infection in soils of differing character, 
acquire an added significance and find their place in the theory of 
nutrition put forward recently by Melin. 

It is well to recall the fact that in the plant world, the severity of 
the struggle for existence not uncommonly centres about the com- 
petition for suitable compounds of nitrogen. Many of the most 
striking ''adaptations” known are directly related to it, e.g. the 
insectivorous habit, and the formation of root nodules as a reaction 
to invasion of the tissues by nitrogen-fixing bacteria. Even the r61e 
of vascular plants in general as "nitrate organisms” may be so 
regarded, forming, as it does, an indispensable link in that remark- 
able cycle of chemical changes by which the " circulation of nitrogen ” 
is secured and maintained in nature. On a priori grounds, it is not 
unreasonable to believe that the intimate association with fungus 
mycelium, so common in all groups of vascular plants and also in 
the thalloid members of Bryophyta, is but another manifestation 
of the urgency of this nitrogen problem among plants. In at least 
two of the three groups of mycorrhizal plants for which experimental 
data are now available, namely, forest trees and members of Eric- 
aceae, modem work has yielded corroborative evidence that this is 
actually the case. 

For Orchids, the evidence in support of this general hypothesis 
is less convincing, although there can be no doubt that nitrogenous 
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substances are present in rich abundance in the “Eiweisshyphen” 
which constitute so conspicuous a feature of the intracellular my- 
celium within the root tissues. 

How the root fungi can derive any but a very temporary benefit 
from the association is not evident. In the case of tree mycorrhiza, 
Melin's researches lead him to postulate the existence of a large 
group of fungi belonging to the Hymenomycetes which cannot 
rightly be described as either parasites or saprophytes. Physio- 
logically, they stand in closer relation to parasites and it is suggested 
they should be known as Symhiophiles. 

The endophytes of Orchids and Heaths have definite affinities 
with parasitic forms and the primary relation with their vascular 
hosts must undoubtedly have been one of ''attack and defence'* as 
postulated by Bernard. From this has been evolved a condition of 
equilibrium, relatively stable in character although easily disturbed 
by changes in the environment, with the balance of profit — certainly 
in Calluna and allied species and probably also in Orchids — definitely 
on the side of the vascular partners. 

Specialisation has been accompanied by physiological changes 
affecting the metabolism of both partners, notably in regard to 
the appearance of an obligate relation of a temporary kind in the 
early stages of seedling development. The origin and precise signi- 
ficance of the latter are at present obscure; it may be possible to 
relate it, on the one hand with metabolic changes associated with 
the endophytic habit, on the other with the saprophytic mode of 
nutrition normal to the embryo stages of seedling development. 

What bearing have these conclusions on the theories of nutrition 
put forward by the earlier workers? Allusion has been made to the 
views expressed by Hartig and others respecting parasitism on the 
part of the root fungi of trees. Melin’s conclusions, on the contrary, 
support the theory of beneficial symbiosis first put forward and 
maintained by Frank and his school. Is it possible to reconcile these 
divergent opinions? Is it, for instance, worth enquiring whether 
there is any evidence that the equilibrium implied in the existence 
of a symbiosis beneficial to the trees is ever disturbed in nature? 
Under experimental conditions such disturbance has been noted 
with resulting injury to the hosts. It has not been actually observed 
in the field, but Melin has expressed the opinion that overthrow of 
the "balance of power" ordinarily maintained, may easily occur 
during the earlier stages of growth. If seedlings are feeble or the 
mycelium too vigorous, there is a tendency for the root fungi to 
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become parasitic; if the young trees are healthy and the mycelium 
well nourished, equilibrium is established and maintained and the 
relation may fairly be described as mutualism. 

On the whole it may be said that the views so strongly held by 
Frank, Stahl and their followers have survived the test of experi- 
mental enquiry. The arguments employed are not always acceptable 
in the light of modem research, but, in the opinion of the writer, 
there can be no doubt that recent investigations by means of pure 
cultures have tended to support the view that the possession of 
mycorrhiza is frequently of benefit to the vascular hosts, the nature 
and extent of such benefit depending upon the physical conditions 
of the environment and the physiology of the association in individual 
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Coffee, 44 
Comarum, 22 

Conifers, mycorrhiza of, 135 
nitrogen metabolism of, 160 
nutrition of, 160, 206 
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cunninghami, 22 
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Farmer, 180 
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Fries, 152 

Fuchs, 132, 137, 207 
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Gentianaceae, mycorrhiza in, 123, 124 
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Hanna, 41 
Hansen, 191 
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Hartig, R., 27, 28, 137 
Hartig, T., 6, 124 
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Hazel, 135 

Heaths, mycorrhiza of, 21 1 
Hellriegel, 190 
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Hiltner, 192 
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Hofmeister, 181 
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Holloway, 177, 180 
Holm, 124 

Holosaprophytes, 35, 45, 203 
Hooker, J., 8 
Hooker, W., ii 
Hoppe-Seyler, 34 
Hordeum, 115, 118 
Hoveler, 33, 34 
Hnber, 88 

Hnmus, as source of nitrogen, 25 
utilisation of, 23, 34, 161 
Hutchinson, 191 
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Hydropterids, 185 

Hymenomycetes, mycorrhiza-form- 
ing, 30, 132, 133, 134, 136, 152, 
153, 154. 204 
Hymenogaster, 30 

Infection, theory of, 63, 206 
Insectivorous plants, 27 
Iris, 2 
Irmisch, 9 

Isochilus, aerial roots of, 37 
Janczewski, 13 

Janse, 42, 50, 164, 179, 180, 185 
Jefferies, 122 
Jeffrey, 181 
Jennings, 41 
Johow, 35, 203 
Juncus bufonius, 189, 190 
Jungermannia, 164 
Jungermanniaceae, infection in, 164, 
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Kamienski, 10, ir, 28 
Kantia, 165 
Kaufmann, 132 
Kaulfmsia, 183 
Kerner, 37 
Killian, 171 
Klingenberg, 34 

Knollenmykorrhiza, 139, 14I) 143^^95 

Knudson, 83, 208 

Kny, 164 

Koch, ro, 34, 37 

Kdppen, 132 

Kuhn, 43, 180, 182 

Kusano, 80 

Lactarius, 133, 134, 150, 153 
Laelia, 83, 84 
Laelio-Cattleya, 72 
Laing, 135 
Lang, 176, 181, 182 
Larch, mycorrhiza of, 135, 142, 147, 
148, 150 

Larix, see Larch 
Laurent, 195 
Lawson, 180 
Lecanorchis, 38, 45, 73 
Lecomte, 29 
Ledum, 22, 26, 99 
Legumes, mycorrhiza in, 118 
root-tubercles of, 191 
Leitgeb, 164, 171 
Lendner, 46, 48, 49 
Leontodon, 31 
Lepeschin, 156 
Lepidozid, 164, 165 
Lichen thallus, nature of, 9 
Life, 192 

Limnanthemum, 124 
Limodorum, 64 
Lindsay, 174 
Link, 2 
Linum, 56 

Liparis loeselii, 88, 100 
Lister a cor data, 46, 49 
ovata, 77 ^ 

Liverworts, infection in, 164 
Lohnis, 191 

Lolium, infection in, 121 
metabolism of, 122, 213 
mycorrhiza of, 122 
Lophocolea, 171 
Lophozia, 165 
Lundstrdm, 42 
Lunularia, 165, 167 
Luxford, 4 
Lycopodium, 75 
prothallus of, 173 
sporophyte of, 178 
vesicles in, 43 
Lyon, 181 

MacDougal, 42, 44 
Magnus, 46, 189 
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Magrou, 78, 117, 169, 195 
Malaxoideae, 88, 89 
Malpighi, 188 
Mangin, 151 
Maple, 13 1 
Marasmius, 124 
Marattia, 183 

Marattiaceae, prothallus of, 184 
Marchantia, 165, 168 
Marchantiaceae, infection in, 165, 166, 
167, 168, 172 
Marcuse, 55, 180 
** Masses granuleuses,’* 60 
Masui, 136, 137 
Matruchot, 133 
Mattirolo, 29, 132 

McDougall, 130, 132, 137, 139, 142, 

McLennan, 121, 185, 213 

McLuckie, 82, 193 

Medicago, 118 

Melilotus, 1 18 

Melin, 138-161, 205 

Menyanthes, 22, 124 

Mercurialise infection in, 199, 200 

Mettenius, 181 

Meyen, 2, 188 

Microcachrys, 192 

Microzymes, 4 

Miehe, 193 

Mimura, 132, 136 

Moeller, 188 

Moller, 23, 51, 130, 132, 137 
Molinia, 122 
Mollberg, 30, 43, 113 
Monoclea, 166 

Monocotyledons, mycorrhiza in, 42 
Monoiropae 4, 10, ii, 14, 22, 25, 26, 
36. 37. 137. 138, I44> 163. 203 
Monotropoideae, 45, in, 214 
Morus, 1 16 

Mosses, infection in, 172 
Mountain Pine, see Pinus montana 
Mucor, 130, 143, 148 
solani, 117, 198 

Muller, P., 29, 30, 34, 129, 137, 139, 
149, 157 
Muller, C., 10 
Mycelium, digestion of, 26 
Mycelium radicis ahietis, 138 
atrovirens, 148, 155, 160 
fagie 136 

silvesiris, 138, 144 
Mycocloena, 134 
Mycocriny, see Mykokrinie 
Mycorrhiza, coralloid, 130 
ectendotrophic, 142 
ectotrophic, 19, 135 
endotrophic, 20 
evolution of, 215, 217 
facultative, 53 
heterotrophic, 13 1 
nutrition of, 14, 154, 155, 156 


obligate, 53 

significance of, 24, 32, 48, 202 
simple, 139 

symbiosis in, 17, 138, 158, 1 61, 203 
synthetic, 146 

Mycorrhiza cells, arrangement of, 47 
Mycorrhizal fungi, specialisation of, 
148 

virulence of, 77, 158, 159 
Mycorrhizinium, 126 
Mycotrophy, 53, 163 
Mykokrinie, 162 
Myrica, 34, 50, 191, 192, I93 
Myriostoma, 123 

Nageli, 2, 8, 188 
Nardus, 57 
Narthecium, 34 
Nawaschin, 173 
Nectria, 31, 49 
Nemec, 164 

NeoUia nidus-avis, 2, 3, 6, 9, ii, 26, 
36, 37, 46, 47, 63, 70, 74, 92, 125 
seedlings of, 210 
Newman, 4 
Nicolas, 167 
Nicotiana, 115 
Nikitinsky, 34 

Nitrates, deficiency of, 26, 205, 21 1 
Nitrogen fixation, 91, 93, 96, 102, 103, 
130, 157, 205, 212 
Noack, 30, 131, 132 
Nobbe, 192 
Nob6court, 78 
Noelle, 136 
Nucleic acid, 157 

Nutrition, theories of, 24, 52, 86, 161, 
217 

Oak, see Quercus 
Oblaria, 124 

Obligate habit, evolution of, 215 
Odontoglossum, 64, 65, 68, 70, 72, 84, 

85 

Olea, see Olive 
Olive, 1 1 4, 1 16 
Oliver, 40 
Oospora, 66 

Ophioglossum, prothallus of, 181 
sporoph3d:e of, 180 
Ophrydeae, 63, 74, 78, 195 
Ophrys, 46, 84 
development of, 196 
Orcheomyces, 79 

Orchids, asymbiotic germination, 84, 
91 

cross infection, 70 
localisation of infection, 70, 73 
mycorrhiza of, 63-92, 206 
obligate symbiosis, 69 
seedling infection, 69 
Orchid tubers, fungicidal effect of, 78 
Orchis, 26, 64 
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Orohus, 199, 200 
Osbom, 127 
Osmunda, 185, 186 
Oxy coccus, 93, 105 

Paris, 31, 43 
Parmentier, 198 
Pasteur, 8, 76 
Paulson, 136 

Peklo, 132, 142, 148, 172, 191 
P cilia, 166, 167, 169, 1 71 
Pelotons, 1 14, 1 16 
Pennington, 132 
Penzig, 27 
Pevamium, 45 

Perennials, mycorrhiza in, 118 
Peynettya, loi, 104 
Pestana, 137 
Petalophyllum, 167 
Petri, 50, 114 

Peyxonel, 114, 132, 133, 152, 199 
PfefEer, 15 
Phagocytosis, 76 

Phalaenopsis, 65, 70, 72, 84, 85 * 
Phoma, 1 71 
vadicis, 94, 102 
Phosphatids, 153, 205 
Phyllocladus , 192 
Phytologist, the, 4 
Picea abies, see Spruce 
Pilzfallen, 40 
Pilzsymbiosis, 190 
Pilzwirthzellen, 47, 74, 89, 128, 179 
Pilzwurzel, 16 
Pinguicula, 34 
Pinus, 137 
cemhra, 142 

montana, 129, 130, 135, 139, 149 
pinaster, 20 

silvestris, mycorrhiza of, 130, 132, 
i 35 > 138-149 

mycorrhizal fungi of, 143 
Pirotta, 132 
Plagiochasma, 160 
Plagiochila, x66, X71 
Plasmodiophora, 188, 189 
Plasmoptysen-Mykorrhiza, 119 
Platanthera, 43, 49, 113 
Podocarpus, 49, 192, 194 
Podophyllum, 45 
Poly gala, 56 
Polygonum, X23 

Polypodiaceae, mycorrhiza in, 185 
Populus, see Aspen 
Porella, 166 

Potato, mycorrhiza of, 115, 197, 198, 
199 

tuberisation in, 62, 198, 200 
Poulsen, 43 
Prillieux, 6, 9 
Prosporoidi, 58 
Protolirion, 39 

Pseudomonas, 83, 190, 191, 192, 193,195 


Pseudomycorrhiza, 125, 142, 152 
Psilotaceae, 187 
Psilotum, 49, 77, II 4, X79, 180 
Pteridium, 185 
Pterospora, 44, 45 
Ptilidium, 164 
Pyvola, 22, no, xxi 
Pyrolaceae, 56, iio, 123 

Quercus, 17, 24, 27, 30, 80, 130, 131, 

133. 134. 135. 137 

Radula, X71 
Ramann, 130 
Ramsbottom, 90, 123 
Ranunculus, 31, 43, 
ficaria, 62, 77, 197 
Rayner, 96-105, 2x2, 213 
Reess, 13, 16, 29, X32 
Reinitzer, 34 
Reinke, 8, 9, 192 
Reinsch, 10 
Reissek, 2 
Rexhausen, 137 
Rhizobia, xgo 
Rhizohium, 44 

Rhizocionia, 28, 115, 120, 124, 163 
lanuginosa, 72 
mucoroides, 72 
repens, 72 

silvestris, 145, 155, 160 
violacea, 72 
Rhizothamnion, 193 
Ricci a, 167 
Ridler, 167, 171 
Rivett, 106 

Rohhumusboden, 159, 206 
Romell, X32 

Root-fungi, isolation of, 31 

Root tubercles, 9, 44, 48, 188-195 

Rosellinia, 28 

Ruscus, 1 14 

Russow, 180, 182 

Russula, 131, 133, 134, 150, X53, 154 
Rylands, 5, 144 

Sadebeck, 173 
Salix, 23 
Sambucus, 52 
Sarauw, 33, 51, 137 
Sarcodes, 40 
Sarracenia, 45 
Saxegothaea, 192 
Saxifraga, X15 
Schacht, 9 
Schimper, 37 
Schinzia, 2, x88, 189 
Schleiden, 2, 9, 47, 164 
Schlicht, 26, 31, 43, 122 
Schneider, 190, 192 
Schnellenberg, 57, 122 
Schrbter, 57, 122 
Schultz, 8 
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Schwartz, 125 
Sciadopitys, 135 
Sciaphila, 43 

Scleroderma, 131, 132, 134 
Secale, 118 
Seward, 125 
Shepherdia, 188 
Shibata, 49, 179, 19 1 
Sitka Spruce, 135 
Soil sterilisation, effect of, 54 
Solarium dulcamara, 117, 197, 198 
tuberosum, see Potato 
Solms Laubach, 10, ii, 37, 50, 179 
Spagnol, 167 
Spessard, 177 
Sphagnum, 173 
Spiranthes, 38, 66, 69 
Spitzbergen, 56 ■ 

Sporan^oles, 43, 57, 60, 213 
Sporotrichum, 151 
Spratt, 191, 192 
Spring, 174 

Spruce, mycorrhiza of, 129, 142-149 
mycorrhizal fungi of, 143, 145 
Stahl, 51, 137, 165, 186 
Starr, 177 
StigeospoHum, 184 
Stokay, 177 
Stutzer, 34 
Symbiophiles, 217 
Symbiosis, definition of, 8 
theories of, 23, 25, 52, 75, 218 
Symbiotic saprophytism, 46 

Tamus, 114 
Taraxacum, 56 
Targionia, 166 
Terfezia leonis, 132 
Temetz, 93 
Thesleff, 152 
Thismia, 39, 43, 123 
Thomas, 41 
Thuja, 135 
Tilia, 17, 131, 142 
Tillandsia, 123 
Tmesipteris, 180 

Toad Push, see Juncus bufonius 
Tormentilla, 22 

Tree mycorrhiza, nutrition of, 160, 
204, 206 

Trees, mycorrhiza of, 129-163, 204 
Treub, 174 


Tricholoma, 42, 134, 145, 150, 153, 161 
Trifolium, 22 
Triticum, see Wheat 
Trockentorf, 162 
Truffle, 16, 29, 132 
Tuber, 132, 133 
Tuberisation, 62, 63, 168 
theory, 195 

Tubeuf, 51, 136, 137, 142 
Tulasne, 29 

Unger, 10 

V accinium, 20, 22, 49, 55, 94, 104, 105 
Vanda, 49, 65, 72 

Vascular cryptogams, mycorrhiza in, 
42 

Verdauungzellen, 47, 74, 89, 128, 179 

V^sicules, 43, 50, 58 

Vinca minor, 119, 120 

Vine, 1 14 

Viola, 22 

Volutella, 123 

Voyria, 50, 124 

Voyriella, 50, 124 

Wahrlich, 20, 30, 47 
'^dl&'-Tenicillien, 132 
Ward, 189 
Warming, 188 
Weavers, 137 
Weiss, 126 
West, 183 
Weyland, 137 
Wheat, 1 1 4, 1 15, 1 1 8, 122 
Wilfarth, 190 
Winogradski, 44, 94 
Wolff, H., 79, 92, 207, 208 
Wolff, J., 89, 90 
Woronin, 15, 131, 188 
Wright, 19 1 
Wulff, 57 

Wullschaegelia, 37, 38, 45, 77, 203, 
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Yeates, 194 

Yellow Bird's Nest, see Monotropa 

Zach, 192 
Zea, 1 15, 1 18 
Ziegenspeck, 207 
Zoopsis, 164 
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